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An intensive study of the behavior of the mesen- 
teric circulation in relation to previously unde- 
scribed humoral substances has provided a unique 
challenge to our physiological concepts of periph- 
eral vascular homeostasis. The regular appear- 
ance of the vasoactive principles VEM and VDM 
in the blood during particular phases of shock 
and hypertension, coincident with an impairment 
of specific inactivating systems for these sub- 
stances within the kidney and liver, have been 
suggested (1, 2) as critical factors underlying the 
progressive derangement of the systemic circula- 
tion in these conditions. As a basic concept, it 
was proposed that the hepatorenal factors, VEM 
and VDM, represent constituents of a general 
homeostatic mechanism essential for effective 
regulation of blood flow within the tissue proper 
(2). 

The implied relationship of these principles to 
systemic phenomena, such as blood pressure, com- 
pensatory vasoconstriction, and overall vascular 
reactivity, has been contested in view of the fail- 
ure of different investigators to influence these 
processes, either by the acute and chronic adminis- 
tration of ferritin-“VDM” (3--5), or by surgical 
extirpation of the kidneys (6, 7). In the case of 
human bioassay data (8, 9), the question has been 
raised whether we are dealing with biochemical 
processes, causally related to concurrent circula- 
tory disturbances, or with a relationship secondary 
to local vascular changes developing in different 
organs out of an imbalance in the systemic circu- 
lation. 

The current report represents an experimental 
appraisal of the proposed physiological implica- 


1 This investigation was supported in part by a re- 
search grant (H-1244) from the National Heart Institute, 
of the National Institutes of Health, United States Public 
Health Service, and a grant from the Life Insurance 
Medical Research Fund. 
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tions of blood-borne agents identified by the rat 
mesoappendix procedure. Special consideration 
was given to VEM and VDM in relation to par- 
ticular systemic functions, such as blood pressure, 
vasoconstriction, vasodilation, and the develop- 
ment of abnormal circulatory conditions. 


MATERIALS AND METHODS 


The rat mesoappendix bioassay is based upon the de- 
tection of alterations in the constrictor response of the 
arteriolar elements of the terminal vascular bed to topi- 
cally applied epinephrine following the intravenous ad- 
ministration of aliquots of blood or tissue extracts. De- 
tails of the method and its biological implications have 
been published elsewhere (10, 11). The least concen- 
tration of epinephrine, sufficient to produce contraction 
of the precapillaries and to bring to a halt the blood 
flow in the capillary bed proper, is referred to as the 
threshold concentration (E.T.C.). The intravenous ad- 
ministration of biologically active agents shifts the re- 
sponse to epinephrine, either in the direction of increased 
reactivity or potentiation (eP), or causes the vessels to 
become refractory to epinephrine, an inhibitory (eI) re- 
action. Shifts in vascular reactivity are estimated by 
comparing the concentration of epinephrine required to 
elicit the threshold response at the newly established 
level with that of the control E.T.C. value. In addition, a 
record is made of the period of time during which the 
reaction change persisted in the test rat. The bioassay 
has been shown to be sufficiently accurate to permit iden- 
tification of exceptionally low concentrations of eI or eP 
substances in biological specimens under different ex- 
perimental conditions (12). The quantitative implica- 
tions of the method have, however, been found to be 
limited. 

In the present investigation, blood samples or other 
vasoactive materials were introduced for bioassay in 
doses of 0.5 ml. per 150 gm. rat. The crystalline ferritin 
used was prepared from horse spleen and purified accord- 
ing to the method of Mazur and Shorr (13). Renal VEM 
was prepared by incubating fresh slices of rat kidney for 
45 minutes under anaerobic conditions at 37.5° C. in the 
Warburg bath, using a proportion of 1 gram * tissue 
to 5 parts of Ringer-phosphate solution. 
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EXPERIMENTAL FINDINGS 


A. Independence of blood-borne vasoactivity and 
systemic blood pressure 


Two sets of experiments were conducted in or- 
der to determine whether eI and eP substances 
bear more than a temporal relation to fluctuations 
in the systemic blood pressure ; in one, the question 
was explored as to the extent to which the local 
constrictor reaction to epinephrine was influenced 
by agents which elevate or lower blood pressure ; 
and in the second, the reverse situation was ex- 
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amined, the effect of humorally mediated eP or el 
reactions on the blood pressure level. 

1. Pressor-depressor agents: In the initial stud- 
ies, equivalent hyper- and hypotensive excursions 
were instituted acutely by a series of pressor or 
depressor agents in rats in which the cecal mesen- 
tery had been exposed for microscopic examina- 
tion. The findings summarized in graph form 
in Figure 1 represent average values established 
for each substance in four animals. It is clearly 
evident that all variants of the several possibilities 
in such an experiment were encountered. Al- 


eP and eI Activity in Relation to Blood Pressure 
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CHANGE EFFECTED BY DIFFERENT AGENTS 
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VASCULAR EFFECTS OF €P AND eI AGENTS 


though the particular pressor agents (renin, angio- 
tonin, l-arterenol, Pitressin®) had a measurable 
effect on the local reactivity of the terminal vascu- 
lar bed, others such as barium chloride or Neo- 
Synephrine® did not alter vascular reactivity in the 
mesenteric vessels at concentrations which pro- 
duced an equivalent elevation of blood pressure. 
As indicated, still another group of hypertensive 
substances (serotonin, Paredrine®) depressed vas- 
cular reactivity. An eP reaction was also elicited 
by agents which had no measurable effect on the 
systemic blood pressure. 

The majority of the hypertensive agents ex- 
hibited a progressively greater eP effect with 
higher doses, until a maximally effective concen- 
tration was reached. In the case of Pitressin®, 
epinephrine potentiating effects (three to five 
times) were encountered with doses (.001 to .01 
p.u.) well below the range influencing the arterial 
pressure. With pressor concentrations (10 p.u., 
+20 to 25 mm. Hg), the resulting eP change 
was of the same magnitude (four to five times), 
but persisted for much longer periods. On the 
other hand, serotonin at pressor concentrations 
(0.1 to 0.2 wg.) tended to depress vascular reac- 
tivity in five out of six animals, as indicated by an 
el effect in the mesentery, while at sub-pressor 
concentrations (.05 to .01 yg. in five animals) it 
rendered the precapillaries hyperreactive to local 
epinephrine. 

The scatter plot indicates that the depressant 
action of agents on the blood pressure was like- 
wise independent of their vasoactive potentialities 
in the mesentery. In contrast to the eI influence 
of certain hypotensive materials (See Figure 1), 
Priscoline®, sodium nitrite, or Benodaine® (piper- 
oxane HCl) in doses which elicited an equivalent 
fall in blood pressure, did not change the reaction 
to topical epinephrine. 

2. Failure to predispose to acute pressor effect 
of iv. epinephrine: Shifts in vascular reactivity 
in the mesentery should be reflected in an altcred 
general response to vasomotor stimuli, provided 
that these agents have a comparable action in other 
areas. The influence of eP or eI substances on 


the acute pressor response to the intravenous in- 
jection of epinephrine was explored in 12 experi- 
ments where both blood pressure and microscopic 
observations in the mesentery were carried out. 
Intravenous injections were made of eP or eI ma- 
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terials—crystalline (angiotonin, ferritin), tissue 
extracts (kidney VEM and liver VDM), and 
blood specimens (human plasma). When the vas- 
cular bed in the mesentery showed maximal dis- 
placement of the E.T.C., a standard intravenous 
dose of epinephrine (2 pg. per 100 gm. body 
weight) was administered. In the above 12 ani- 
mals, no consistent predisposing influence was 
noted on the magnitude or duration of the hyper- 
tensive response as compared with the control 
reaction. 

In experimental shock, Page (14) has shown 
that the overall vascular reactivity, as determined 
by the systemic pressor response to a series of 
test agents, was depressed during the terminal 
stages of the shock syndrome. This stage cor- 
responds with the period during which our ob- 
servations (15) indicated hyporeactivity to topical 
epinephrine in the mesoappendix and omentum of 
shocked animals. The two independent sets of 
observations suggested that the hyporeactive be- 
havior of the vessels to systemic and to local in- 
fluences might be a reflection of the same vascular 
defect. The vasoconstrictor drugs tested sys- 
temically by Page during shock in dogs were ap- 
plied topically to the surface of the mesentery in 
four rats subjected to hemorrhagic shock (1 hour 
at 50 mm. Hg followed by 2 hours at 35 mm. Hg). 
Although the vessels showed an el reaction, they 
were not refractory to topically applied angiotonin 
or Pitressin®. 


B. Continuous intravenous infusion of eP and el 
agents 


The preceding experiments deal exclusively 
with acute injections of humoral agents and may 
not provide a sufficiently sustained action of these 
materials to influence the systemic blood pressure. 
Continuous delivery of VDM and VEM into the 
bloodstream was therefore instituted for periods 
of from 45 to 120 minutes. This was accomplished 
in the rat by means of a motor-driven ultra-micro- 
burette which permitted accurate delivery of a total 
volume of .003 to .03 ml. per minute. Such small 
volumes obviated any possible alterations in blood 
volume during the experimental period. The in- 
fusions were made either intravenously or directly 
into the descending arch of the aorta through an 
indwelling plastic catheter in the left common 
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Continuous Infusion of Ferritin 


MINUTES O 30 60 90 120 


i 


ferritin 015 pug/min. 
| (1.35mg. in 3 ml.) 


NEUTRAL e1(3x) e1(4x) e1(6x) NEUTRAL 


RAT 253, 2 260 GMS. 
PENTOB. - 3.5 MG./ 100GMS. 


v 
°° 


E.T.C.IN MESENTERY 


MINUTES 0 30 60 90 120 


I:NX108 


Continuous Infusion of VEM 


MINUTES O 30 60 90 120 150 


RAT 109, o 250 GMS. 
PENTOB.- 3.5 MG/ 100GMS. 
SUPPLEMENT - 1.5 MG. 


kidney VEM-3ml 
| (10:1 DILUTION) | 
160F 
B. P, 


NEUTRAL e P(3x) e@P(4x) e P(4x) eP(4x) NEUTRAL 


E.T.c. IN MESENTERY 


8 
2 
4b 
™ .05 


MINUTES 0 30 60 90 120 150 


Fic. 2. ADMINISTRATION OF el AGENT (FERRITIN) AND eP AGENT (Rat Kipney VEM-Anaerosic In- 
CUBATION OF FresH Kipney S tices ror 60 MIN. In RincerR-PHospHATE, 5:1) via CATHETER IN FEMORAL 
Vern By Motor DrivEN ULTRA-MICROBURETTE 


Blood pressure recorded at 3 min. intervals by mercury manometer in carotid artery, vascular reactivity 
topically in mesoappendix, and heparinized blood specimens (0.2 ml.) removed for bioassay as indicated. 


(mm Hg) 120 
BLOOD 
ASSAYS 
05 
BLOOD 
ASSAYS 


VASCULAR EFFECTS OF €P AND eI AGENTS 


carotid artery. Parallel measurements were made 
of arterial blood pressure and vascular reactivity 
in the mesentery. 

In a series of 10 animals, ferritin (in a range 
of from 0.1 to .001 pg. per ml. at a rate of 1 ml. 
per hour) had no significant effect on blood pres- 
sure. A representative protocol of this group is 
shown in Figure 2a. Continuous infusion for two 
hours of VDM, prepared by in vitro anaerobic in- 
cubation of liver tissue, likewise did not alter the 
blood pressure. Blood samples, removed at inter- 
vals for bioassay throughout these experiments, 
showed positive titers of vasoactivity, indicating 
that effective blood levels had been maintained by 
the infusion procedure. 

Similar infusion experiments with renal VEM 
in six animals showed no pressor action (Figure 
2b). Negative effects on blood pressure were 
also obtained with infusions of VEM and VDM 
in three animals which had been nephrectomized, 
and in four eviscerated rats (liver and gastroin- 
testinal tract removed according to procedure of 
Engel, Harrison, and Long [16]). This proce- 
dure ruled out the influence of the kidney and 
liver in suppressing any possible systemic action 
of the eP and el agents. 

Direct microscopic visualization was also car- 
ried out to ascertain whether the prolonged ad- 
ministration of an eI substance, ferritin, would 
continue to depress the constrictor response to 
epinephrine throughout the period of infusion. 
In eight experiments of this type, a wide range of 
concentrations (.001 to .25 wg. per ml.) were used, 
including doses which in single injections in assay 
experiments uniformly elicited an el reaction. 
Despite the infusion of ferritin for periods up to 
120 minutes, it was not possible to maintain the 
vascular response to epinephrine at hyporeactive 
levels by this means for more than 20 to 25 min- 
utes. In the infusion experiment illustrated in 
Figure 2a, a concentration of ferritin of .015 yg. 
per ml. elicited an initial short period of hyporeac- 
tivity, which was followed by a prominent phase 
of hyperreactivity until, at the end of 30 to 40 
minutes, the E.T.C. in the mesentery had in- 
creased from 1:2 million to 1:30 million. The 
biphasic pattern of response with ferritin was ob- 
tained both with the intravenous and intra-arterial 
routes of administration. Such infusions resulted 
in augmented responses not only in the capillary 
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bed proper, but in five of the eight animals caused 
a hyperreactive condition in the large vessels up 
to and including small arteries (100 to 200 micra 
in diameter) and muscular venules (150 to 250 
micra in diameter). This type of response was 
highly atypical, since in the conventional bioassay 
experiment the acute administration of vasoactive 
agents led to changes manifest chiefly in the 
metarterioles and precapillaries. 

Ferritin, in addition to its vasoactive properties, 
has been reported to stimulate the release of the 
antidiuretic hormone (A.D.H.) from the pitui- 
tary (17). The possibility was investigated that 
the secondary period of hyperreactivity with pro- 
tracted administration of ferritin might be related 
to the release of the A.D.H. which, in turn, in- 
creased vascular reactivity. However, opposite 
types of reactions were obtained when low (.01 
pg. per ml.) and high (.1 yg. per ml.) concentra- 
tions of ferritin were infused into acutely nephrec- 
tomized and/or adrenalectomized animals, as well 
as in hypophysectomized rats (a series of three 
rats was studied in each of these experimental 
categories ). 

Continuous administration of kidney VEM, was 
carried out in six normal rats at three concentra- 
tion levels—the original incubation supernatant, 
at half dilution, and at one quarter dilution with 
saline. A similar pattern of response was observed 
with each of these concentrations. As in the 
standard bioassay procedure, an eP change in vas- 
cular reactivity developed, which however did not 
persist and became less evident after 35 to 40 
minutes despite continued infusion of VEM for 
another 60 to 90 minutes (see Figure 2b). No 
inhibition of the epinephrine response developed. 
Comparable durations of eP reactivity were ob- 
tained in different rats irrespective of whether 
the VEM was infused for periods of 45, 60, 90, 
or 120 minutes. In each instance, the eP effect 
persisted for only 30 to 45 minutes. 


C. Relation of eP and el activity to vasoconstric- 
tion and vasodilation 


Previous studies have not made it clear whether 
a shift in an eP direction was invariably associated 
with a tendency towards vasoconstriction, and a 
shift in an eI direction with vasodilation. Table I 
is a compilation of different experimental condi- 


658 


tions in which the E.T.C. and/or the caliber of 
the mesenteric arterioles (20 to 30 ») were shifted 
from their control status. Increased vascular reac- 
tivity was encountered in the mesentery, irre- 
spective of the presence or type of effect on vas- 
cular caliber. A similar lack of association was 
also encountered between el reactions and vaso- 
dilation. The findings, on the basis of both acutely 
induced changes as well as those in chronic ex- 
perimental conditions, indicate clearly that vascu- 
lar caliber per se was not influenced in a pre- 
dictable manner by an eP or el tendency in these 
vessels. 


D. Non-renal eP systems 


Evidence has been presented (18) that eP 
agents, in general, exert their effect indirectly by 
way of the kidney and that the final common de- 
nominator, serving to augment vascular reac- 
tivity, was the liberation of renal VEM. These 
data did not seem to be in accord with our recent 
findings (19) that a wide spectrum of naturally 
occurring biological agents have eP and el prop- 
erties indistinguishable from VEM and VDM. 
Two sets of experiments were therefore carried 
out with a variety of eP agents in which the hu- 
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moral influence of the kidney was ruled out either 
by surgical isolation of this organ, or by suppres- 
sion through adrenalectomy of the renal capacity 
to produce VEM. 

1. Arenal animals: A total of 16 rats were used 
in this series. One kidney was removed surgi- 
cally 7 to 10 days prior to the bioassay procedure. 
The renal pedicle of the second kidney was care- 
fully exposed and isolated immediately preceding 
exteriorization of the mesoappendix for micro- 
scopic observations. After a control E.T.C. re- 
sponse had been established, a small clip was placed 
across the renal pedicle which had been infiltrated 
with a local anesthetic (1 per cent cyclaine). By 
this procedure the intrarenal circulation could be 
occluded with a minimum of interference to the 
surrounding structures, especially branches of the 
greater splanchnic nerve and the celiac plexus. 
These precautions were found to be essential, 
since even the minor traction exerted on the renal 
pedicle by a small clamp was sufficient to elicit in 
the absence of local anesthesia a significant epi- 
sode of vascular hyperreactivity in the mesoap- 
pendix lasting for 30 to 40 minutes. In the pres- 
ent experiments, a stable E.T.C. was established in 
15 to 20 minutes. 


TABLE I 
Dissociation between vasotonic tendency and epinephrine reactivity 


Effects on Shift in E.T.C.* 
No. of Experimental arteriolar —_—_ 
cases condition caliber Type Range 
Constrictors 
Hemorrhage 10 1.5%, 1 hr. +++ eP 25-30x 
1-Arterenol 12 0.25 mg. (i.v.) ++ eP 4-6x 
Dibenzyline 3 2-5 yug., topical ++ el 5-8x 
1-Arterenol 4 Infusion, .03 ml./min. ++ el 8-9x 
Barium chloride 3 0.1 mg. (i.v.) ++ 0 0 
Dilators 
Histamine 8 0.25 mg. (i.v.) ++ eP 4-10x 
Denervationt 6 Acute +++ eP 10-15x 
Adrenalectomy 6 No therapy, 4 days + eP 10-12x 
Low calorie diet 5 15 da + eP 20-25x 
Mecholyl 12 1 yg. iv el 12-15x 
Glutathione 6 .02 mg. (i.v. + el 3-8x 
Sodium nitrite 3 0.15 mg. (i.v.) ++ 0 0 
Caliber unchanged 
ACTH 6 200 ug. fim.) None eP 3-6x 
Cortisone 4 2 mg. (i.m. None eP 4-5x 
Ferritin 12 001 yg. (i.v.) None el 3-5x 
*E.T 


t Acute section of greater splanchnic nerve and/or thoraco-lumbar sympathectomy. + = 25 per cent, ++ = 50 
per cent, ++-+ = 75 per cent change in caliber. 
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TABLE II 
eP reaction of mesenteric vessels in absence of renal VEM 


Histamine Pitressin Renin L-arteren: 

(0.25 mg.) (0.1 p.u.) (1 p.u.) (2.5 wg.) 
Controls* 3x (35 min. 4x a min.) 4x (40 oo 5x (26 min.) 
Arenal* 4x 3 min. 3x (40 min. 5x (38 min. 5x 3 min.) 
Adrenalectomy* 3x (36 min. 3x (41 min.) 6x (46 min.) 4x (28 min.) 


* Average of four experiments in each category listed. 


The findings listed in Table II indicated that 
intravenous injection of potentiating substances 
elicited in the arenal rats a well-defined potentia- 
tion of the response to epinephrine identical with 
that of control animals. 

2. Adrenalectomy: Further evidence in this re- 
gard was provided by bioassay experiments on 16 
adrenalectomized rats maintained for two weeks on 
salt (1 per cent NaCl in drinking water) with no 
hormonal supplementation. Such rats remained 
in excellent health for several months or longer on 
this regime. Earlier studies (20) had indicated 
that the kidneys of the adrenalectomized salt- 
maintained animals had lost the capacity to pro- 
duce vasoexcitor material, as demonstrated by in 
vitro incubation under anaerobic conditions. The 
response of the mesenteric vascular bed of such 
animals to vasoactive agents is compared with 
that of normal controls in Table II. Typical eP 
reactions were obtained in the mesoappendix of 
the adrenalectomized salt sustained rat following 
the intravenous injection of l-arterenol, renin, 
angiotonin, histamine, and Pitressin®. This indi- 
cated that the eP effect of these agents could not 
be attributed to the secondary release of renal 
VEM, since in vitro examination confirmed the 
fact that the kidneys of these test animals no longer 
formed a vasoexcitor principle under anaerobic 
exposure for 30 to 90 minutes. 

One further experimental finding should be 
cited in this regard. Akers, Hershey, and Zwei- 
fach (21) have shown that direct stimulation of 
the distal end of the greater splanchnic nerve 
produced comparable eP effects (thirty to eighty 
times) in the mesentery of both normal and arenal 
animals. In six such studies, bioassays were car- 
ried out on the blood of animals following nerve 
stimulation. Both normal and arenal rats were 
used for testing purposes. In each of the twelve 
samples tested, eP activity, obviously of nonrenal 
origin, was demonstrated. 


E. Blood-borne principles in abnormal blood pres- 
sure states 


A convincing array of evidence (2, 22) exists 
to support a causal relationship between the hu- 
moral principles, renal VEM and hepatic VDM, 
and various vascular conditions in shock and hy- 
pertension. It is the purpose of this section to 
present recent experimental material which is not 
in complete accord with the all-inclusive character 
of some of the earlier interpretations. 

1. Hypertension: The precise relationship of eI 
and eP materials in the blood of patients suffering 
from various diseases, including hypertension and 
congestive heart failure, to the derangement of 
blood pressure in these states, remains problem- 
atical. In order to clarify this issue, the rat meso- 
appendix method was used to indicate the presence 
or absence of vasoactive materials in blood samples 
from clinic patients? selected at random. Blood 
specimens were collected under controlled condi- 
tions, from patients receiving no medication for 24 
hours previous and in a fasting state. Positive 
assays were obtained in over 80 per cent of the 
cases studied (Table III). These findings are in 
striking contrast to normal controls, where over 
85 per cent of the bloods were consistently neu- 
tral. One woman showed a vasoinhibitory (el) 
reaction in the blood during the menstrual period, 
but when tested at subsequent intervals had a 
neutral bioassay reaction. Evidence of vasoac- 
tivity was found in individuals with a diversity 
of clinical symptoms, irrespective of the presence 
or absence of demonstrable cardiovascular disease, 
or an abnormally high blood pressure. Assays on 
the blood of several patients suffering from the 
same disease (hyperthyroidism, arthritis or dia- 
betes) showed diametrically opposed types of 


2 Heparinized blood samples were obtained from the 
outpatient clinic of Beth Israel Hospital and tested for 
vasoactivity within 2 to 5 hours after being drawn. 
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TABLE IiI 
Bioassay of bloods in random sampling of clinic patients 


Blood pressure No. of samples with specific 
(mm. Hg) vasoactivity 
Diagnosis Fn Systolic Diastolic eP el Neutral 
Arthritis 50-73 110-160 80-90 1 3 2 5 
Asthma 40-70 110-140 80-90 2 
A.S.H.D.* 60-70 140-150 70-80 5 2 1 
Diabetes 42-72 140-170 80-100 2 1 1 
G.I. disorders 25-50 120-140 70-90 5 4 3 
Hypertension 30-72 165-210 90-115 6 12 2 
Hyperthyroid 30-50 120-140 70-80 2 2 1 
Ca breast or G.I. tract 40-66 105-120 60-70 — 5 1 
Obesity 29-59 100-158 70-85 1 3 — 
Rheum. heart disease 20-47 90-130 70-80 1 4 1 
Assorted normotensivest 27-64 90-125 60-85 7 § 5 
Total number of patients = 90 
Per cent in each category = 33 48 19 
Healthy controls 23-42 100-140 70-82 2 1 18 


* A.S.H.D. = Arterio-sclerotic heart disease. 


¢ Includes patients with epilepsy, bronchitis, non-toxic goiter, polio, psychosomatic complaints, syphilis, and vaso- 


motor rhinitis. 


vasoactivity, although the clinical status of the 
patients appeared to be essentially the same. 

The presence of vasoactive materials in the 
blood of patients was shown to represent a con- 
stantly shifting condition. Repeated assays on 
six individuals (three hypertensives, one hyper- 
thyroid, one rheumatic heart disease, one arthritic) 
at intervals of from several days to several months 
showed fluctuating bioassay values varying be- 
tween so-called “neutral,” eP, and el reactions. 
Here again no evident correlation was found to 
exist between changes in the clinical status of 
particular patients and the shifting vasoactivity of 
the blood. As can be seen in Table III, the inci- 
dence of positive eP and el activity in the blood of 
hypertensives was no greater than that in several 
different diseases, not associated with abnormal 
blood pressure. 

2. Shock: In the present re-evaluation of the 
role of VEM and VDM in the genesis of hemor- 
rhagic shock, an attempt was made to obtain di- 
rect evidence for a humoral contribution to the 
vascular sequelae of shock by infusing during the 
two major phases of the syndrome the oppositely 
acting humoral component. Thus, during the ini- 
tial compensatory stage, liver VDM, or ferritin 
was infused, while during the terminal decompen- 
satory phase, kidney VEM was given. In these 


experiments, rats anesthetized with sodium pento- 


barbital were subjected to graded hemorrhage 
while connected to a bleed-out reservoir which 
could be elevated or lowered to maintain the blood 
pressure at a desired level. Infusion of vasoactive 
material was delivered in a volume of 0.5 ml. over 
a period of 60 minutes to avoid the effects of al- 
terations in blood volume per se. Ferritin in sev- 
eral concentrations, .001, .01, .1, and 1.0 yg. per 
ml., was infused into four animals. Four rats 
were also tested with freshly prepared liver VDM 
and kidney VEM in full strength and at half dilu- 
tion. As controls, aerobic preparations of liver 
and kidney incubates were infused under identical 
conditions into four animals. These materials 
did not exhibit vasoactive properties, as measured 
by the mesoappendix bioassay test. 

It was anticipated that liver VDM or ferritin, in- 
troduced during the early phase of active compen- 
sation in shock, might counteract the character- 
istic patterns of vascular hyperreactivity in the 
mesentery. As indicated by a representative pro- 
tocol in Figure 3, this did not occur. The vascular 
bed during this stage (1 hour post 2.5 per cent 
blood loss, blood pressure 65 mm. Hg) was 
highly ischemic, and hyperreactive (twenty times). 
No relaxation of precapillary vasoconstriction, or 
opening up of “inactive” capillaries was observed, 
despite the fact that with the infusion of 0.1 yg. per 
ml. of ferritin, blood specimens showed an el ef- 
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fect in test rats. Since vascular hyperreactivity 
was not abolished, this led to a situation where a 
preponderance of blood-borne VDM (ferritin) 
existed in conjunction with an eP status in the 
mesentery proper. 

In a comparable series of experiments on six 
rats, the infusion of kidney VEM during the latter 
stage of shock (3 hours post 3.5 to 4.0 per cent 
blood loss, blood pressure 35 mm. Hg) failed to 
produce a salutary effect on either the sluggish 
blood flow in the capillary bed, or on the hypo- 
reactive state of the metarterioles and precapil- 
laries. A typical example of the VEM infusion 
studies is shown in Figure 3. Actually, the infu- 
sion of aerobic kidney incubates, which did not 
possess eP activity, brought about a definite im- 
provement in capillary blood flow. The beneficial 
effect was transient however and the capillary 
flow reverted to its stagnant state almost immedi- 
ately following cessation of a 60-minute infusion. 

Our earlier studies (2, 15) had indicated that 
the irreversible stage of hemorrhagic shock was 
associated with the appearance of VDM in the 
bloodstream. Exceptions to this have recently 
been encountered with experiments where hemor- 
rhagic shock was induced in eviscerated animals 
(23). Bioassays of the blood were carried out in 
six such experiments. In these animals the entire 
intestinal tract up to the diaphragm, was surgically 
removed and the hepatic veins leading from the 
liver were then ligated. The kidneys were left in 


situ. This type of operative procedure was car- 
ried out with essentially no frank loss of blood, so 
that the blood pressure postoperatively remained 
within normal limits. Hemorrhagic hypotension 
(40 mm. Hg after 3 per cent blood loss) resulted 
within 2 to 24% hours in a state of shock which 
was completely refractory to blood replacement 
therapy. The blood of such animals contained no 
demonstrable vasodepressor material as evidenced 
by rat bioassay experiments. 

Whether or not this type of circulatory col- 
lapse can be compared directly with that which 
occurs in the intact animal is, of course, open to 
question. However, the experiments do indicate 
that irreversibility can be induced in the absence 
of both the liver and the intestinal tract which, in 
the normal animal subjected to shock, appear to be 
the major sites of vascular decompensation and 
sequestration of blood from the active circulation. 

3. Identification of hepatic VDM: Various in- 
dependent methods have been employed with a 
view toward identifying the particular agent re- 
sponsible for the vasoactivity of selected test 
samples. The premise that the el activity of blood 
and tissue samples was referable to a single prin- 
ciple, ferritin (VDM), is based upon immuno- 
chemical inactivation of the biological effects of 
such samples by specific antibodies to ferritin (13). 
Evidence that ferritin was not the only vasoinhibi- 
tor which appeared in the blood and tissues during 
stress was provided by fractionation experiments 


TABLE IV 
Nonspecific nature of VEM and VDM 


Biological material 
Exptal. condition 


No. of 
Sample rats 


Original activity procedure 


Fractionation 
Final activity 


Vasoinhibitory 
Hemorrhagic shock Blood 
hrs. 
X-radiation, 700 r 
(48 hrs.) 
Ischemic skeletal 
muscle (2 hrs.) 
Tourniquet limb 
hrs.) 


Saline wash 


eI, 2x (32 min.) 
Blood eI, 2x (48 min.) 
el, 3x (37 min.) 
Edema fluid el, 3x (43 min.) 


Neutral 
eI, 2x (45 min.) 
eI, 3x (30 min.) 
el, 3x (40 min.) 


F. antiserum 
F. antiserum 
F. antiserum 


F. antiserum 


Vasoexcitatory 


Neutral 


L-arterenol 
Angiotonin 
Pitressin ® 
Histamine 


eP, 5x (35 min. 
eP, 4x (41 min. 
eP, 4x (42 min. 
eP, 4x (38 min. 


Kidney incub.t 
Kidney incub. 
Kidney incub. 
Kidney incub. 


Neutral 
eP, 2x (12 min.) 
Neutral 


* Incubation of 1.0 ml. of test sample for 30 min. at 37.5° C. with 0.2 ml. antisera from rabbits immunized against 


horse spleen ferritin. 
t Five parts of test sample made up with Ringer-Phosphate incubated for 1 hour with one part of fresh rat kidney 


slices in presence of 95 per cent Oz, 5 per cent COs. 


| 
| 
| 
2.5 pg. 6 ) 
1 p.u. 4 ) 
0.1 p.u. 5 ) 
0.2 mg. 8 ) 


of el test samples obtained under the experimental 
conditions listed in Table IV. In contrast to the 
uniform inactivation of the eI activity of blood 
from rats in deep shock, incubation with anti- 
serum did not destroy the biological activity of 
blood or tissue extracts in the situations listed. 

In another series of experiments, six test rats 
were pretreated with antiferritin serum (0.5 ml.) 
in an attempt to counteract el effects. Although 
this procedure prevented the vasoinhibitory action 
of liver VDM or ferritin injected intravenously, 
el effects equivalent to control values were still 
obtained with intravenous glutathione (0.5 yg.) 
or mecholyl (2.0 ug.) There was no interference 
with the profound el effects initiated by the ap- 
plication of vasoinhibitory agents, such as acetyl- 
choline (Mecholyl), glutathione (GSH) or 
cystein. 

4. Identification of renal VEM: The demon- 
stration that the eP properties of particular test 
samples were attributable to the renal principle, 
VEM, is based on inactivation by aerobic incuba- 
tion with kidney tissue (2). The nonspecific na- 
ture of this procedure is shown in Table IV 
where aerobic incubation with rat kidney tissue 
destroyed not only the biological activity of renal 
VEM but also that of other eP substances. 


DISCUSSION 


The inability to provide positive evidence for a 
causal relationship between principles potentiating 
or inhibiting the response to epinephrine in the 
mesentery and particular aspects of circulatory 
regulation makes it difficult to support the systemic 
implications of the hepatorenal hypothesis of vas- 
cular homeostasis. The validity of the VEM- 
VDM concept is challenged not by the failure to 
substantiate previously established findings in 
shock or hypertension, but by the demonstration 
that the vascular response to local epinephrine 
does not provide by itself a reliable measure of 
the general potentialities of the blood vessels to 
respond to stimuli or of the functional status of 
the vascular bed. 

The hepatorenal hypothesis is predicated upon 
the assumption that changes visualized in the 
mesenteric bed were prototypes of those in other 
important areas. It was therefore reasonable to 


anticipate that the experimental introduction of 
VEM and VDM into the bloodstream should un- 
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der appropriate conditions lead to some systemic 
manifestations. Experimental corroboration of 
this tenet was not provided by the current investi- 
gations. By utilizing a continuous infusion to 
maintain a demonstrable blood level of either kid- 
ney VEM or ferritin, it was possible to circum- 
vent the rapid inactivation and removal of these 
agents from the blood stream. There was no ap- 
parent effect on either the blood pressure, or the 
response to pressor (epinephrine) and depres- 
sor (acetylcholine) stimuli. Comparable findings 
have been reported by Bohr, Paterson, Kenfield, 
Kitto, and Stroia (24) with acutely administered 
renal VEM. These experiments indicated either 
that these substances bore no causal relationship 
to blood pressure phenomena, or that their vascu- 
lar influence was brought about indirectly, making- 
it necessary for other, as yet unknown co-factors 
to be present before systemic derangements were 
effected. 

An important issue in this regard was the ex- 
tent to which changes in the constrictor response 
of the mesenteric circulation to topical epinephrine 
could be construed to indicate a comparable tend- 
ency (potentiation or inhibition) in other func- 
tional reactions. Here an unpredictable situation 
was encountered. In terms of vascular caliber, 
both eP and el humoral activity developed inde- 
pendently of a tendency towards vasoconstriction 
and vasodilation. Ancillary experiments showed 
the presence of an increased sensitivity to epineph- 
rine in adrenalectomized rats during a period when 
the vessels show a loss of tone and dilate (25), 
and the development, with adrenergic blocking 
drugs, of a refractory state to epinephrine con- 
current with vasoconstriction (26). These find- 
ings emphasize the uncertainty of relying upon 
E.T.C. alone as an index of peripheral vascular 
dysfunction. 

The claim has been advanced that vasoexcitatory 
agents other than VEM exert their vascular effect 
on the mesenteric bed indirectly through an ac- 
tion on the kidney and the secondary release of 
VEM. In support of this thesis, Shorr and Baez 
(18) cited experiments in arenal animals in 
which they found a definite impairment of the 
usual epinephrine potentiation, evoked by vaso- 
active materials, such as l-arterenol and renin in 
normal rats. These observations were made in 
rats several hours after occlusion of the renal cir- 
culation by traction on exteriorized ligatures 
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around the kidney pedicle. On the other hand, in 
our studies, acute renal occlusion had no com- 
parable attenuating effect on the response of the 
terminal bed to potentiating agents. Renal oc- 
clusion, in both sets of experiments, eliminated the 
kidneys as a possible source of humoral material 
for the ensuing vascular reaction. Yet in acute 
situations (up to two hours in the present experi- 
ments), the injection of vasoactive agents led to 
a typical excitatory shift in the response to topical 
epinephrine. Such evidence indicated that the eP 
effect in these experiments could not be ascribed 
to the secondary release of renal VEM. A pos- 
sible explanation, for the differences between 
acutely nephrectomized animals and those in which 
the kidneys were removed several hours earlier, 
would be the gradual loss with time of some agent, 
continuously secreted under aercbic conditions by 
the normal kidneys, necessary to sustain the ca- 
pacity to respond to stimulating agents. These 
hypothetical agents would apparently differ from 
VEM which is not present in the blood under nor- 
mal circumstances and has been found to be 
elaborated by the kidney only during stress, or 
under conditions of reduced circulation or hypoxia. 

It has been postulated in hypertension and con- 
gestive heart failure that the chronic action of eP 
and el principles on the terminal vascular bed 
disrupts local blood flow to the extent that systemic 
readjustments at abnormal levels become neces- 
sary to compensate for these derangements. The 
appearance of VEM and VDM in regular sequence 
during the development of renal hypertension in 
dogs and rats (22) represents the major support 
for this thesis. Since recent investigations of the 
biological implications of the rat bioassay method 
indicate that quantitative estimates of the titer 
of circulating material could not be achieved (19), 
a direct relation between these vasoactive princi- 
ples and the progressive elevation of blood pres- 
sure cannot be established at present. The cir- 
cumstantial nature of the evidence had made it 
difficult to ascertain whether the renal and hepatic 
principles appear during hypertension antecedent 
to changes in blood pressure, or whether they de- 
velop in these tissues subsequent to an increased 
arteriolar tone of unknown origin. 

The bioassay experiments on the blood of pa- 
tients with hypertension and other hospital pa- 
tients must be taken into consideration in this re- 


gard. The demonstration of both VEM and VDM 
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in the blood of patients suffering from a variety of 
diseases, irrespective of the level of their blood 
pressure, is not compatible with a causal relation- 
ship of these agents to abnormal blood pressure 
states. It would rather appear that the elaboration 
of el and eP principles and their entrance into 
the bloodstream may represent a nonspecific sequel 
of an altered tissue blood flow which develops dur- 
ing various stress or disease conditions. 

Recent investigations have suggested the ex- 
istence of a variety of el and eP substances in dif- 
ferent experimental situations (19). It was con- 
cluded that the primary function of such humoral 
vasoactive agents was the intrinsic regulation of 
the circulation within their tissues of origin, rather 
than the systemic importance previously attached 
to such agents (2) because of their appearance in 
the bloodstream under different conditions. 
Within a considerable range, the opening and 
closing of precapillary sphincters and terminal ar- 
terioles constitute purely local, self-limiting phe- 
nomena concerned with the redistribution of blood 
in accord with tissue needs. Inasmuch as humoral 
vasoactive factors of the type under discussion 
function primarily within this sphere, it has been 
difficult to implicate them directly in systemic 
disturbances. Still problematical is the extent to 
which vasoactive metabolites serve a function other 
than that of local hormones in their particular or- 
gan of genesis. 


SUMMARY 


1. It has not been possible to establish a con- 
sistent relationship between the development of 
vasoexcitatory (eP) or vasoinhibitory (el) ef- 
fects in the mesentery and the degree of vasocon- 
striction or vasodilation which accompanies the 
reaction. 

2. Continuous intravenous or intra-arterial in- 
fusion of kidney VEM, liver VDM or ferritin has 
no sustained effect on blood pressure, or the sub- 
sequent pressor response to vasoconstrictor drugs. 

3. Evidence is presented to indicate that VEM 
and VDM probably constitute only one facet of a 
multiplicity of biological agents affecting the be- 
havior of the terminal vascular bed. 

4. Vasoexcitatory and vasoinhibitory agents 
were shown to be present in the blood of 90 pa- 
tients selected at random, irrespective of demon- 


a 


strable vascular disease or the precise level of the 
blood pressure. 

5. It is concluded that the sequential relation- 
ship of blood-borne epinephrine potentiating (eP) 
and inhibitory (el) substances to particular sys- 
temic phenomena cannot be established on the 
basis of the evidence at present available. 
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It is generally recognized that potassium depri- 
vation may result in the development of a plasma 
alkalosis, which is characterized by the paradoxi- 
cal excretion of an acid urine (1-12). Conversely, 
the administration of sufficient potassium chioride 
results in a plasma acidosis and the simultaneous 
excretion of an alkaline urine (8, 13-16). Studies 
previously reported have shown that the dicho- 
tomous plasma and urinary findings following po- 
tassium administration result from a decrease in 
the renal tubular reabsorption of base-bound bi- 
carbonate (13). The inappropriate aciduria oc- 


curring in hypokalemic alkalosis has led to the sug- 
gestion that renal reabsorption of bicarbonate is 


increased in circumstances where inadequate in- 
take or excessive losses of potassium have occurred 
(1, 13, 17). This implies a renal failure to com- 
pensate the plasma alkalosis accompanying hypo- 
kalemia and assumes a renal contribution to the 
continuation of the plasma alkalosis. Although 
it has not been measured previously, it would ap- 
pear virtually certain that hypokalemia enhances 
the renal tubular reabsorption of bicarbonate ; the 
mechanism whereby the influence of potassium is 
mediated, however, remains more speculative (1, 
13,17). Accordingly, the studies described herein 
were carried out on human subjects and on dogs 
1) to determine the effects of potassium depletion 
on the renal mechanisms implicated in stabilizing 
the plasma bicarbonate, and 2) to clarify the 
mechanisms whereby potassium influences the re- 
nal tubular reabsorption and urinary excretion of 
bicarbonate bound base. 

The studies reported below indicate that hypo- 
kalemia results in an increased renal tubular reab- 

1 This work was presented, in part, at the meetings of 
the American Society for Clinical Investigation in At- 
lantic City, May, 1954. 

2This work was supported by United States Public 
Health Service Grant H-1641. 


sorption of bicarbonate, and that the effects of po- 
tassium are independent of alterations in plasma 
pCo,. 

METHODS 


The following experiments were carried out on 10 
human subjects and on 6 dogs. Six of the patients had 
gastric cancer and were studied on a metabolic balance 
regimen: a) During a control period; and b) during an 
interval of potassium deprivation. The studies completed 
on these patients included measurements of glomerular 
filtration rate and urinary bicarbonate, sodium, potassium, 
chloride, and pH. Plasma was analyzed daily for pH, 
carbon dioxide content, chloride, sodium and potassium. 
Metabolic studies included daily measurements and analy- 
ses of intake and fecal drainage, and urinary losses of 
chloride, potassium and sodium. During the control pe- 
riod, the renal tubular reabsorption of bicarbonate was 
determined previous to and following the infusion of 1000 
to 1500 cc. of M/6 lactate or 2 per cent sodium bicarbonate 
to ensure frank excretion of bicarbonate and an alkaline 
urine. The patients were then maintained, following 
gastrectomy, on potassium-free, parenteral fluids for an 
interval of 5 to 19 days. Daily fluid replacement given the 
patients included glucose in water, normal saline, and B 
vitamins. No postoperative complications occurred in 
the patients during the interval of study reported here. 
At the termination of the hypokalemic period, the renal 
tubular excretion and reabsorption of bicarbonate was 
again measured and compared to that observed in the 
control period. Four additional patients were studied 
during an episode of hypokalemic alkalosis. In these pa- 
tients, measurement of the renal excretion and reabsorp- 
tion of bicarbonate was made during the period of alka- 
losis; no metabolic studies were done in these patients.* 
(In two of these patients renal clearances were meas- 
ured during a period of adequate potassium supplementa- 


8 Metabolic balances showed a negative potassium bal- 
ance in these patients ranging between 180 and 280 mEq.; 
no attempt was made in these studies to correlate the de- 
gree of potassium depletion with bicarbonate reabsorption. 

4 One of these patients had hyperadrenocorticism. Two 
patients were receiving cortisone with inadequate po- 
tassium supplementation and one patient had potassium 
depletion resulting from an inadequate dietary intake and 
diarrhea secondary to a severe dumping syndrome. 
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tion and at a time when plasma electrolytes were nor- 
mal.) 

The experiments carried out on dogs were designed to 
determine the effects of potassium on the enhanced bi- 
carbonate reabsorption, which has been reported to oc- 
cur following elevations in plasma pCO, (17-19). In 
these experiments, sodium bicarbonate was infused 
throughout to ensure adequate urinary excretion of bi- 
carbonate; the animals were then given 10 per cent CO, 
to breathe for periods of two to six hours, and the re- 
nal tubular reabsorption of bicarbonate determined before 
and after the infusion of potassium chloride, given at rates 
of 0.3 to 0.5 mEq. per minute for 120 to 360 minutes. 

The clearance of inulin was utilized as a measure of 
glomerular filtration rate in the human subjects and in 
the dogs. The methods employed in the chemical analy- 
sis and collection of samples have been described in previ- 
ous communications (13, 20). Urine was collected under 
oil from an indwelling catheter for pH and carbon dioxide 
analyses, which were done within two to five hours after 
collection. The remaining urine was preserved for sub- 
sequent analysis. Plasma analyses of total CO, and pH 
in the patients were determined on venous blood drawn 
without stasis; in the dogs the plasma analyses were de- 
termined from arterial blood. The reabsorption of bi- 
carbonate was calculated as that amount reabsorbed per 
100 cc. of glomerular filtrate by subtracting the excreted 
moiety from that filtered. 


RESULTS 


Table I shows the renal tubular reabsorption 
and excretion of bicarbonate in one of the patients 


TABLE I 


Reabsorption of bicarbonate bound base in the control eee 
previous to and during the infusion of sufficient M/6 lactate 
to elevate the plasma bicarbonate to levels shown here and in 
the same patient following an interval of potassium free 
fluids for six days | 


Urine 
Bicarbonate 
Plasma Glom. Excreted Reabsorbed 
Time bicarbonate filt. rate mEq./ mEq./100 
min. mEq./L cc./min. min, cc. G.F, pH 
Lactate infusion 
—180 Infuse inulin in 5% g./W at 2.07 cc./min. 
30 27.0 103 .002 2.7 5.6 
90 27.0 106 .002 2.7 5.4 
120 Infuse lactate 5.5 cc./min. 
(Continue inulin infusion) 
200 29.6 98 .195 2.76 — 
250 32.0 98 .400 2.79 7.6 
300 31.7 95 .350 2.8 7.8 
Potassium deprivation six days 
—180 Infuse inulin 5% g./W at 2.46 cc./min. 
60 31.8 107 .001 3.18 Say 
100 32.0 96 .001 bm 5.6 
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Fic. 1. REABSORPTION OF BICARBONATE IN NorRMAL Pa- 


TIENTS AND IN HyPOKALEMIA PATIENTS 


The solid circles represent single determinations of bi- 
carbonate reabsorption as calculated prior to and during 
the infusion of alkali. Four to five determinations of bi- 
carbonate reabsorption were measured on each patient 
at varying plasma levels of bicarbonate as indicated. 
The open circles represent the average bicarbonate re- 
absorption as calculated from three clearance periods and 
three plasma analyses during the period of hypokalemia. 
(Bicarbonate reabsorption was measured in four of the 
patients on two separate occasions during the interval of 
hypokalemia. ) 


studied: a) In the control period following the in- 
fusion of sodium lactate; and b) following an in- 
terval of six days of potassium deprivation after 
surgery. The infusion of lactate resulted in frank 
urinary excretion of bicarbonate and an alkaline 
urine, whereas the renal tubular reabsorption of bi- 
carbonate remained essentially normal. The same 
patient during the hypokalemia interval, at a time 
when plasma levels of bicarbonate and pH showed 
an elevation comparable to that seen following lac- 
tate, showed an increase in bicarbonate reabsorp- 
tion and the excretion of an acid urine containing 
sparse amounts of bicarbonate. The data ob- 
tained in this patient were similar to those ob- 
served in all of the patients studied, and are sum- 
marized in Figure 1. This figure illustrates the 
difference in renal tubular reabsorption of bicar- 
bonate in normal patients given an alkaline load, 
and in patients exhibiting hypokalemic alkalosis.° 

5 It has been emphasized that potassium influences bi- 
carbonate reabsorption only with intracellular losses of 
considerable magnitude; no alteration in bicarbonate re- 


absorption occurs following an acute decrease in extracel- 
lular potassium concentration as produced by alkali in- 


¥ 
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TABLE lI 
Measured glomerular filtration rates and calculated plasma 
pCOz A in ten patients during hypokalemia and 
in eight patients during a control period when 
adequate potassium was being administered * 


Control Hypokalemia 


Glom. 
filt. rate 
cc./min. 


pCO: 
mm. Hg 


Glom. 
filt. rate 
cc./min, 


pCo: 
mm. Hg 


2) 


3) 


4) 


5) 


6) 


7) 


8) 


9) 


10) 44 
44 
od 


* The figures for glomerular filtration represent three 
separate clearance periods. The plasma pCO: represents 
values calculated from three separate blood samples ana- 
lyzed in duplicate. 

¢ Blood drawn after morphine administration. 


As shown here, the reabsorption of bicarbonate 
was increased in the hypokalemic patients, as 
compared to the normal control values of 2.7 to 
2.8 mEq. per 100 cc. of glomerular filtrate. This 


Furthermore, it is 


fusion or glucose and insulin (13). 
generally recognized that plasma K* levels per se are a 
poor reflection of total body stores of potassium as meas- 
ured by metabolic balances or isotopic dilution studies 


(21). The potassium depleted patients presented here 
had sustained intracellular as well as plasma losses of 
potassium. 
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was found to be true at all levels of plasma bi- 
carbonate shown. 

Table II shows the calculated plasma pCO, and 
glomerular filtration rates in our patients during 
the control period and during potassium depriva- 
tion. As indicated here, no marked changes in 
plasma pCO, occurred in these patients despite 
a plasma alkalosis and an enhanced bicarbonate 
reabsorption. From this table it is also apparent 
that a decrease in glomerular filtration rate could 
not account for the enhanced bicarbonate reab- 
sorption in all of the patients studied.® 

To clarify the effects of potassium on bicarbo- 
nate reabsorption and the relationship between 
potassium and pCO,, experiments were carried 
out on six dogs. In these experiments, the effects 
of potassium on the elevated bicarbonate reab- 
sorption, which has been reported to occur in the 
presence of an elevated plasma pCO,, was evalu- 
ated. A typical experiment is presented in Table 
III; as shown here, the elevated bicarbonate reab- 
sorption occurring in respiratory acidosis is de- 
creased by the simultaneous administration of 
potassium chloride. Furthermore, the decrease in 
bicarbonate reabsorption following potassium ad- 
ministration occurs with plasma levels of pCO, 
which are equivalent to those seen during the pe- 
riod of respiratory acidosis alone. The effects of 
potassium and respiratory acidosis on bicarbonate 
reabsorption were consistent in all the dogs studied 
and are summarized in Figure 2. In this figure, 
the bicarbonate reabsorption per 1000 cc. filtrate 
is plotted in relation to the plasma pCO,; the 
crosshatched area summarizes the range of normal 
bicarbonate reabsorption in dogs, as calculated 
from previously published data (13). As il- 
lustrated by the solid circles, the administration 
of potassium chloride decreased bicarbonate reab- 
sorption to normal levels irrespective of elevations 
in plasma pCO,; the open circles confirm the ob- 
servations of others that elevations of plasma pCO, 
per se enhance bicarbonate reabsorption (17-19). 


6 We have observed and there has been reported a pro- 
found decrease in glomerular filtration rate in hypo- 
kalemic alkalosis; this was, however, noted by us only 
in those patients who were more severely alkalotic than 
the patients reported here, and has been seen most often 
by us in situations of hypochloremic alkalosis following 
excessive losses of gastric contents and extracellular 
fluid. 


|| 
1) 43 90 44 80 
43 89 44 82 
49t 89 49t 81 
| 43 97 42 107 
43 104 43 96 : 
45 108 40 107 
| 45 95 45 97 
43 96 45 96 
49t 99 48t 97 
40 87 43 101 
41 90 44 97 
44t 98 46t¢ 95 
ii 45 102 44 106 
45 103 45 105 
50t 100 44 101 
i 42 75 42 57 
42 67 44 52 
44 75 45 60 
a 43 90 45 89 
43 86 44 86 
43 80 
40 74 
41 76 
42 125 
41 126 
44 136 
79 45 77 ; 
85 45 78 
81 45 65 
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TABLE III 
Effects of potassium on the enhanced bicarbonate reabsorption occurring with elevation of plasma pCOz in dogs 


Urine 
1 Plasma Bicarbonate 
Potassium _ Bicarbonate Glom. Reabsorbed 
| Time pCO: filt. rate Excreted mEq./100 cc. 
mins. mEq./L. mm. Hg cc./min. mEq./min. glom. filt. 
0 Prime—NaHCO;—5 gm. 
Start infusion; NaHCO,;—10 gm./L.; inulin—10 gm./L. at 5 cc./min. 
70 2.9 31 38 68 .270 a? 
90 3.0 31 39 70 .280 | 
105 Inspire 10% CO:—90% 
130 Ke 33 106 71 .140 3.1 
150 3.2 35 110 69 .114 3.3 
160 Start KCI—0.4 mEq./min. 
240 5.6 32 112 71 .362 27 
300 6.8 32 109 70 400 2.6 
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DISCUSSION 


It is apparent from the data presented that the 
renal tubular reabsorption of base-bound bicarbo- 
nate is increased in the situation of hypokalemia. 
The enhanced bicarbonate reabsorption in turn 
would appear to contribute to the plasma alkalosis 
frequently accompanying potassium depletion. 
Evidence has been presented that potassium per se 
affects those renal mechanisms implicated in the 
stabilization of plasma bicarbonate. Although a 
decrease in glomerular filtration rate is known to 
increase bicarbonate reabsorption (22), the changes 
in glomerular filtration rate reported here could 


not account for the enhanced bicarbonate reabsorp- 
tion in all the patients studied. In addition, it 
has been found that potassium chloride administra- 
tion will decrease bicarbonate reabsorption in dogs 
irrespective of alterations in glomerular filtration 
rate (23). 

The notable observations (17-19) that eleva- 
tions in plasma pCO, increase the renal absorption 
of bicarbonate have led to the implication that ele- 
vations in plasma pCO, could enhance the reab- 
sorption of bicarbonate in hypokalemia as well as 
in respiratory acidosis. The finding in our pa- 
tients that the plasma pCO, was little altered does 


3 
| 
| f 
| 
| 
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not furnish credence to this assumption. The 
consistent finding of an elevated total CO, and 
blood pH with little change in plasma pCO, indi- 
cates that hypokalemic alkalosis as studied in our 
patients was uncompensated. Similar elevations 
of the blood pH with a normal pCO, have been ob- 
served by us in hypochloremic alkalosis and fol- 
lowing alkali infusion in both dog and man. Only 
with superimposed pulmonary disease, anesthesia 
or with morphine administration have we con- 
sistently observed “respiratory compensations” to 
occur in metabolic alkalosis (24). 

The finding in dogs that potassium decreased 
the renal tubular reabsorption of bicarbonate to 
normal levels, irrespective of the level of plasma 
pCO,, indicates that potassium per se influences 
bicarbonate reabsorption even with elevations of 
plasma pCO,. From these experiments and those 
reported elsewhere, it would appear that potassium 
and pCO, affect the renal tubular bicarbonate 
reabsorption independently and in the opposite 
direction. This apparent antagonism and the 
mechanisms whereby pCO, and potassium affect 
bicarbonate reabsorption may be reconciled, if 
consideration is given to implicated alterations of 
the pH within the renal tubular cell, as sum- 
marized in Figure 3 (1, 17, 25-27). 

With excessive potassium losses or deprivation, 
there occurs a depletion of the major intracellular 
cation. In this situation, a relative intracellular 
acidosis occurs (1, 2, 12, 27, 28), and the meas- 
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ured bicarbonate reabsorption is increased. The 
opposite occurs following potassium administra- 
tion; the increase in intracellular cation concen- 
tration which occurs could result in an elevation 
of the intracellular pH (16). In this situation, 
there is a decrease in the measured bicarbonate 
reabsorption. 

Conceivably, a change in extracellular pCO, re- 
sults in an equivalent change in intracellular pCO,, 
since carbon dioxide is believed to permeate all 
cells, and rapid equilibration is achieved between 
the extra- and intracellular compartments. Thus, 
changes in the extracellular pH resulting from 
alterations in carbonic acid could effect a similar 
alteration in the intracellular compartment (29). 
In respiratory acidosis, elevation of the plasma 
pCO, and thus, intracellular carbonic acid, con- 
ceivably decreases the intracellular pH. Under 
these circumstances, the measured bicarbonate re- 
absorption is increased (17-19). If the simul- 
taneous administration of potassium minimizes the 
alterations in intracellular pH by increasing the 
intracellular cation concentration coincident with 
the increase of intracellular carbonic acid, the en- 
hanced bicarbonate reabsorption occasioned by the 
elevated pCO, should decrease. The experiments 
summarized in Figure 2 indicate that this does 
occur, and also provide indirect evidence that alter- 
ations in intracellular pH, secondary to alterations 
in intracellular pCO, and potassium, influence the 
renal tubular reabsorption of bicarbonate. 

Presumably the decrease in bicarbonate reab- 
sorption following carbonic anhydrase inhibition 
could also be mediated through changes in intra- 
cellular pH (1). Inhibition of the formation of 
carbonic acid within the renal tubular cell could 
result in an increased pH and thus, a measured 
decrease in bicarbonate reabsorption. Similarly, 
the increased bicarbonate excretion, which has 
been observed following respiratory alkalosis (19, 
30, 31) with a decrease in plasma pCO,, could 
be accounted for by a decrease in intracellular 
carbonic acid and elevation of the pH ; under these 
circumstances, the measured renal reabsorption 
of bicarbonate is decreased. 

Although it is impossible by methods currently 
available to state with certainty that alterations in 
intracellular potassium do not occur following ad- 
ministration of carbonic anhydrase inhibitors or 
with alterations in plasma pCO,, evidence pre- 
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sented elsewhere indicates that the potassium 
concentration within the renal tubular cell is un- 
changed acutely in respiratory acidosis or follow- 
ing the administration of carbonic anhydrase in- 
hibitors (32). From these studies in which meas- 
urements of the renal extraction of potassium 
from arterial blood was compared to the urinary 
excretion, it was concluded that all potassium re- 
moved from the arterial blood during a given in- 
terval was excreted in the urine during the same 
interval. Only with potassium chloride adminis- 
tration was there evidence that the potassium ex- 
tracted from the arterial blood was not excreted 
in toto and presumably entered the renal tubular 
cell. This indirect evidence precludes the implica- 
tion that alterations in the intracellular potassium 
per se are responsible for the changes in bicarbo- 
nate reabsorption observed in respiratory acidosis 
or following a carbonic anhydrase inhibitor. 

The importance of intracellular pH alterations 
in conditioning the reabsorption of bicarbonate 
has obvious importance in maintaining the bi- 
carbonate concentration of extracellular fluid. 


SUMMARY AND CONCLUSIONS 


1. The renal tubular reabsorption of bicarbonate 
is increased in hypokalemic patients. 

2. The increased reabsorption of bicarbonate 
could not be accounted for by elevations of plasma 
pCoO,. 

3. In dogs, the elevated bicarbonate reabsorp- 
tion, which occurs following elevation of the 
plasma pCO,, is returned to normal by the admin- 
istration of potassium chloride without a change 
in pCO,. 

4. Indirect evidence has been presented that a 
relative change in pH within the renal tubular 
cells may be the common denominator by which 
alterations in potassium and pCO, affect bicarbo- 
nate reabsorption. 
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Acidification of the urine and excretion of am- 
monium are commonly thought to be regulated by 
the acidity of body fluids in such a manner that 
the kidneys in effect defend the normal pH of 
body fluids. Acidosis in blood or tissues is 
thought to increase excretion of acid and am- 
monium, and alkalosis to decrease it (1). 

Data inconsistent with this view were first pre- 
sented in 1923 by Hendrix and Sanders (2) who 
found that administration of alkaline sodium phos- 
phate or sodium hippurate to fasting, slightly acid- 
otic dogs increased the acidity of the urine and the 
excretion of ammonium, despite the fact that the 
blood bicarbonate concentration rose. In 1934, 
Briggs (3) observed that administration of so- 
dium sulfate to dogs increased renal excretion of 
ammonium and decreased excretion of titratable 
alkali. Sodium sulfate produced similar but less 
striking changes in normal men. Although Briggs 
did not measure blood bicarbonate or pH, and 
therefore did not rule out a slight acidosis due to 
dilution, he concluded that excretion of ammonium 
was a response to increased acidity of the urine 
and was independent of the acidity of the blood. 
He left unexplained the fundamental question, 
why infusion of a neutral salt like sodium sulfate 
or an alkaline substance such as dibasic phosphate 
should acidify the urine. 

Pitts has adduced evidence that the urine is 
acidified by a process of ion exchange of sodium 
for hydrogen (4). Through this mechanism at 
least some part of sodium reabsorption is linked 
to the acidification of the urine. In the light of 
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this concept it was decided to ascertain whether, 
by varying the stimulus to sodium reabsorption, 
it would be possible to affect the acidity of the 
urine without first changing the acidity of the body 
fluids. The experiments to be described below 
answer this question affirmatively. They also sug- 
gest an explanation for the observations of Hen- 
drix and Sanders, and of Briggs, as well as the 
more recent data which indicate that urine am- 
monium or acid excretion may be conditioned by 
factors other than body acidity (5, 6). 


METHODS 


The response to a standard alkaline sodium sulfate in- 
fusion was studied in fourteen experiments on nine healthy 
adult male subjects. Two groups of experiments were 
carried out with this standard infusion. In seven con- 
trol studies subjects had been allowed to eat a normal 
diet prior to the morning of the experiment. On un- 
measured, but presumably average, intakes of sodium, 
their urinary excretion of sodium in the control periods 
prior to infusion of sulfate ranged from 212 to 436 micro- 
equivalents per min. In the other seven studies, renal 
conservation of sodium had been induced prior to the ex- 
periment by one or more of several expedients aimed at 
promoting reabsorption of this ion. Four subjects had 
been on a low-sodium diet (approximately 10 mEq. so- 
dium per day by calculation) for four to six days prior 
to the experiment, and had received 2 cc. of a mercurial 
diuretic on each of the first two days of the period of 
sodium restriction. Two of these subjects were also 
given 200 mgm. per day of compound F acetate by 
mouth in four equal doses on the day before, and the day 
of, the experiment. In order to stimulate sodium reab- 
sorption without concomitant sodium depletion, the re- 
maining three subjects were allowed a normal diet, but 
one was given desoxycorticosterone acetate (15 mgm. 
intramuscularly twice daily) and the other two were 
given compound F acetate (300 mgm. daily by mouth in 
four equal doses) for a similar two-day period. As a 
result of these procedures, sodium excretion in the seven 
experimental subjects was markedly reduced during the 
urine collection periods prior to sulfate infusion. The sub- 
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TABLE I 
Control experiment—Experiment 7, E. F.—Normal diet 


Urine 


K cl Flow 
mEq./L.| mEgq./L.| cc./min. 


P 
micro- 
Mol/min. 


Na K | cl 
MicroEg./min. 


5.1 
4.5 105 10.0 


5 | 236] 120 
8 | 240) 120 


326 
298 


Infuse 1,000 cc. containing 190 


. Na2SO, and 32 


60-90 9 
490-120 | 7.39 | 29. 4.8 | 100 3 
120-150 3 
150-180 3 
180-210 ‘1 
210-240 29.7 0 


7.39 140 4.2 103 


jects on low-sodium diets excreted 2 to 11 microequivalents 
per min. and those given only adrenal steroids excreted 
60 to 79 microequivalents per min. 

All experiments were carried out in the morning with 
the subjects fasting and supine. Water was taken by 
mouth at a rate of 100 cc. every half hour to insure ade- 
quate urine flows. At intervals of one-half hour the sub- 
jects voided directly into graduated cylinders partly filled 
with neutral mineral oil. Venous blood was drawn into 
oiled syringes at appropriate intervals. 

After two or three control periods, one liter of approxi- 
mately 0.2 N sodium sulfate solution was infused intra- 
venously over a 30 to 40-minute period. Thirty to thirty- 
five mEq. of sodium bicarbonate were added to each 
infusion in order to avoid any acidifying effect from di- 
lution. Collections of urine and blood were continued for 
two and a half or three hours after the start of the in- 
fusion. 

Concentrations of sodium, potassium, carbon dioxide, 


and chloride of serum, and pH of whole blood were meas- 
ured. Urine specimens were analyzed for pH, titratable 
acidity, ammonium, sodium, potassium, chloride, phos- 
phate, and carbon dioxide. These methods have been de- 
scribed previously (7). In addition to these determina- 
tions all urine samples were analyzed for endogenous 
creatinine (8) and the specimens collected after the sul- 
fate infusions were analyzed gravimetrically for sulfate 
(9). Urine bicarbonate was calculated from the pH 
and concentration of carbon dioxide, using the Henderson- 
Hasselbalch equation. 


RESULTS 


Typical experiments are shown in Tables I and 
II. The subject of Table I received a normal 
diet; the subject of Table II was taking a low- 
sodium diet and compound F acetate. 


TABLE II 
Sodium-retaining subject—Experiment 14, R. J.—Low-sodium diet, compound F acetate 


Urine 


K cl Flow 
mEq./L.| mEg./L.| cc./min. 


P 
Na | cl micro- 
tcroEg./min. Mol/min. 


98 


4.2 8.6 
4.4 97 6.5 


16 | 9} 7 |180} 45 11 
12 12] 5 |149| 26 7 


Infuse 1,000 cc. containing 201 mEq. NasSO, and 34 mEq. NaHCO; 


8. 6.90 
6.34 
4.33 
4.31 
4.41 
4.48 


457 
1,320 
968 
659 


539 
434 
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Serum 
(min) | pH H 
min. D. Pp. 
| | | ‘ 
0-30 | 7.37 | 29.0 142 Po 6.42 | 38 a 15 5 178 
30-60 | 7.41 | 28.1 139 6.64 | 33 39 4 147 é 
6.87 | 27 | 5 173 | 242] 462) 70 6 170 
7.10 | 19 | 5 |1,303] 266} 931|1,405| 29 11 157 
6.73 | 29 | 5 850} 190} 84] 926) 41 9 162 
6.54 | 32 | 5 586} 80} 654] 30 7 160 
6.52 | 32 | 7 480/122) 87| 497] 31 7 160 
6.60 | 28 | 6 483} 88/130} 421] 32 7 167 
Serum 
min. co N P Cor 
| mM/L| mEa./L. | sic, | 
0-30 7.39 | 29.3 135 7.11 132 
30-60 7.43 | 29.7 135 7.10 122 
60-100 
60-90 17 5 |185|377| 18|\ 79 138 
90-120 | 7.44 | 28.7 1 36 | 18 | 816 | 506 6 33 6 152 
120-150 61 | 30 | 503 | 384 3 <1 5 148 
150-180 | 7.41 | 29.0 140 3.8 95 62 | 28 | 280 | 307| <1 <i 4 144 
180-210 61 | 29 | 196| 277| <1 || <i 6 146 
210-240 | 7.45 | 30.9 137 3.3 97 63 | 24 | 149 | 232] <1 <i 9 145 


Changes in the serum 


Infusion of the mixture of sodium sulfate and 
sodium bicarbonate produced no significant change 
in blood pH or serum carbon dioxide content in 
either subject. Serum sodium and chloride also 
remained essentially unchanged. Potassium de- 
creased sharply in the subject on the low-sodium 
diet (Table II), but decreased slightly, if at all, 
in the normal subject (Table I). 


Changes in the urine 


Infusion of approximately equal quantities of 
sulfate resulted in prompt and roughly equal ex- 
cretion of the loading anion. The maximum ex- 
cretion of sulfate was 1405 microequivalents per 
min, in the control subject and 1320 microequiva- 
lents per min. in the other. Total excretion of 
sulfate during the period of observation was 131 
mEq. in each instance. Chloride excretion fell off 
sharply. In the sodium-retaining subject chloride 
excretion, already very low in the pre-infusion pe- 
riods, was virtually obliterated. Two other points 
of similarity were noted: a) in both subjects phos- 
phate excretion was negligible and essentially un- 
changed, and b) endogenous creatinine clearances 
remained relatively stable throughout both ex- 
periments. 

The significant differences between the control 
and experimental subjects occurred in the urine 
pH and in the excretion of bicarbonate, ammo- 
nium, sodium, and potassium: 


a) Urine pH did not change significantly in the 
control subject (if anything, it may have risen 
slightly), but in the experimental subject there 
was a sharp drop in pH which reached a minimum 
of 4.3 in the second and third half-hour periods 
following completion of the infusion. 

b) As might be expected from the striking dif- 
ferences in urine pH, bicarbonate excretion did 
not change significantly in the control experiment, 
but in the other experiment it virtually ceased. 

c) Ammonium excretion was essentially un- 
affected by the sulfate infusion in the control sub- 
ject, but increased by a maximum of 49 micro- 
equivalents per min. in the experimental subject. 

d) Sodium excretion was greatly augmented 
in both experiments, but the maximum increment 
was greater by 265 microequivalents per min. in 
the control subject. 
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e) Potassium excretion was also significantly 
increased in both experiments, but the increment 
was greater in the experimental subject. In this 
particular experiment the increment in potassium 
excretion preceded by two periods the sharp fall 
in pH and rise in ammonium excretion. 


Differences between the urinary responses of the 

groups 

Urine pH: Figure 1 illustrates the response of 
urine pH in both groups. The control subjects 
are represented by open circles and the experi- 
mental subjects by solid dots. It will be noted 
that the average urine pH in the periods prior to 
infusion of sulfate was in the same range (6.3 to 
7.3) in both groups of subjects. The minimum 
pH after the infusion ranged between 6.0 and 6.8 
in the seven control experiments; in five subjects 
the change in pH represented a slight decrease and 
in two subjects a slight increase. The urine pH 
in the experimental group always fell sharply, the 
minimum pH following the infusion ranging from 


475 
47.0 
» 4165 
URINE pH 
Retaini 
> +160 "“Stimult 
5.5- 455 
5.0 +50 
4.5}— 445 
4.0 40 
t t 
Pre-infusion Minimum pH 
pH after NagSO, 
Fic. 1. Tue Errect or Soprum SuLFATE INFUSION ON 


Urine PH 
Values for urine pH in the pre-infusion period are com- 
parable for both groups. Note that after sodium sulfate 
administration pH shows little or no change in the con- 
trol group but drops to 5.2 or below in the experimental 
subjects. 
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TABLE III 


Total ammonium increment following infusion 
of sodium sulfate 
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Control group Experimental group 
Exp. No. MicroEq. Exp. No. MicroEq. 

1 1,380 8 4,290 

2 1,440 9 3,000 

3 780 10 2,430 

4 11 3,300 

2,130 12 5,610 

6 13 1,830 

7 0 14 5,010 

Mean 823 3,639 

S.D. 855 1,381 


5.2 to 4.0. The four subjects on low-sodium diets 
had the most acid urines during the experimental 
periods and the lowest sodium excretions (2 to 11 
microequivalents per min.) during the control pe- 
riods ; the other three subjects, who excreted 60 to 
79 microequivalents per min. of sodium during 
control periods, had less acid urines. The acidifi- 


60+ 460 
MAXIMUM 
INCREMENT 
IN 
AMMONIUM 
MEAN EXCRETION 
microEq/ min. 
30} +30 
20+ 420 
410 
MEAN 
ee) 
t t 
CONTROL Sodium Retaining 
Stimeli 


Fic. 2. Tue Errect oF Soprum SULFATE INFUSION ON 
AMMONIUM EXCRETION 


Ammonium excretion in three control subjects did not 


change, and increased slightly in the other four. In the 
experimental group there was regularly a significant in- 
crement in ammonium output. 


cation of the urine in response to sulfate infusion, 
therefore, appeared to be dependent not only upon 
the existence, but also upon the intensity, of the 
tendency to reabsorb sodium. 

Ammonium excretion: Table III presents the 
data on total cumulative increments in ammonium 
excretion for the first two-and-a-half hours after 
the start of the infusion. The mean increment in 
ammonium excretion in the control group was 
823 microequivalents, and in the sodium-retaining 
group 3639 microequivalents. The difference be- 
tween these means was highly significant (p< 
.01). Figure 2 illustrates the differences between 
the two groups with respect to the maximum in- 
crease in urine ammonium excretion produced by 
the sulfate infusion in a single period. The mean 
increment in the control group was 8 micro- 
equivalents per min. (range: 0 to 17 microequiva- 
lents per min.), while the mean increment in the 
experimental group was 42 microequivalents per 
min. (range: 24 to 69 microequivalents per min.). 
These differences, when tested statistically, are 
highly significant (p < .01). 

Potassium excretion: Table IV presents the 
data on total cumulative increments in potassium 
excretion for the five half-hour periods after the 
start of the infusion. The mean increment in total 
potassium excretion in the control group was 2618 
microequivalents and in the sodium-retaining 
group 21,514 microequivalents. The difference 
between these means was highly significant (p < 
01). 

Serum potassium decreased in approximate 
proportion to the magnitude of the potassium ex- 
cretion in the urine. The largest reduction in 
concentration (1.1 mEq. per L.) was found in 


TABLE IV 


Total potassium incremeni following infusion 
of sodium sulfate 


Control group Experimental group 


Exp. No. MicroEq. Exp. No. MicroEq. 
1 4,410 8 30,600 
2 1,560 9 21,120 
3 0 10 29,670 
4 0 11 19,080 
5 1,950 12 4,380 
6 1,110 13 15,150 
7 9,270 14 30,480 
Mean 2,618 21,497 
S.D. 3,294 9,762 
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the subject in Table II, who lost the greatést 
amount of potassium in his urine. 

Titratable acid: While there appeared to be a 
slight increase in titratable acid in some of the ex- 
perimental subjects (see Table II), the small 
amount of buffer (phosphate) present in the urine 
and the variations in its rate of excretion make the 
titratable acid data difficult to interpret. For this 
reason, no further comment on this subject will be 
made. 


DISCUSSION 


According to present concepts the urine is acidi- 
fied, probably in the distal convoluted tubules, by 
a process involving exchange of sodium for hydro- 
gen ions (4). Substitution of hydrogen for so- 
dium converts bicarbonate in tubular fluid to car- 
bonic acid and lowers the pH. It also increases 
titratable acidity of the urine by an amount deter- 
mined by the final pH and the quantity and pK of 
each of the buffer substances excreted in the urine. 

Although acidification of the urine is widely be- 
lieved to be a response to increased acidity of the 
blood or tissues, this hypothesis could not explain 
the results of the present experiments. Since all 
of the subjects received the same, slightly alkaline 
infusion, and since carbon dioxide and pH of 
serum did not change significantly in any of the 
subjects, it is not likely that the increased urine 
acidity following the infusion of sodium sulfate in 
the experimental subjects was the result of 
acidification of either extracellular or intracellular 
fluid. These experiments therefore indicate that 
the acidifying response to the sulfate load was con- 
ditioned by the tendency to retain sodium which 
existed prior to the administration of the load. 

To explain how the state of sodium metabolism 
was responsible for the differences in urine acidity 
between the control and experimental groups, it is 
suggested that, in general, acidification of the urine 
will occur whenever there is a strong stimulus for 
increased reabsorption of sodium during the ob- 
ligatory excretion of anion. Loading with the so- 
dium salt of a relatively unreabsorbable anion like 
sulfate increases delivery of sodium and sulfate 
to the tubular site where the acidifying process of 
sodium-hydrogen exchange occurs. When there 
exists a strong stimulus for sodium reabsorption, 
such as that produced in the experiments reported 
here, the sodium sulfate load produces a sudden 
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acceleration of the exchange process. That moiety 
of the sodium load reabsorbed without simultane- 
ous reabsorption of anion obviously must be re- 
placed in the tubular fluid by hydrogen or some 
other cation, such as potassium or ammonium. 

The amount of hydrogen substituted for a given 
amount of reabsorbed sodium is probably limited 
by the amount of buffer substances (free am- 
monia and dibasic phosphate) available to “ac- 
cept” the hydrogen, and by the limiting concen- 
tration of free hydrogen ions which can be achieved 
in tubular fluid. Since maximum acidity was 
achieved in those subjects in whom the stimulus 
for sodium reabsorption (as measured by the con- 
trol sodium excretion) was strongest,® it would 
seem that, under standard conditions of anion ex- 
cretion, the intensity of the stimulus to sodium 
reabsorption influences the final urine pH. Vary- 
ing effects of sodium sulfate loads on urine pH 
reported by other workers (11, 12) are therefore 
probably explained by differences in the sodium- 
retaining tendencies of their subjects. 

Differences in ammonium excretion between the 
control and experimental groups were striking 
(Figure 2, and Table III). It has been suggested 
that the acidity of the urine determines ammonium 
excretion (3, 4) and it is possible that the marked 
reduction in the urine pH in the experimental 
subjects was the immediate cause of their aug- 
mented ammonium output. Under standard con- 
ditions there tends to be an inverse relation be- 
tween urine pH and ammonium excretion, but it is 
generally conceded that urine pH is not the sole 
determinant of ammonium excretion since the 
latter may vary independently of urine pH (4). 
Regardless of whether or not one believes that the 
ammonium excretion is the direct consequence of 
the increased urine acidity, the fact remains that 
in the present experiments the initiating stimulus 
to urine acidification and ammonium excretion 
must have been those factors which increased re- 
absorption of sodium in excess of anion, and they 


3 While it is recognized that a small error may be in- 
troduced by the measurement of urine pH at room tem- 
perature, and the use of a correction factor of .01 pH 
units per degree Centigrade (10), it is nevertheless worthy 
of note that the minimum values observed in three ex- 
perimental subjects were 4.3 or below. To our knowl- 
edge, acidity of this degree has not previously been re- 
ported in human subjects. 
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apparently were not related to any change in 
acidity of body fluids. This conclusion does not 
exclude the possibility that there may also be other 
physiologic stimuli to ammonium excretion; nor 
should it obscure the probability that for any given 
stimulus the absolute magnitude of ammonium ex- 
cretion may be modified by other factors, including 
the availability of amino acid substrate (13), the 
activity of tubular deaminating systems (14), and 
possibly the presence of other buffers in the urine. 

Both groups of subjects excreted more potas- 
sium following the sulfate infusion but the mean 
cumulative potassium loss in the experimental 
group was considerably larger than in the control 
(Table IV). Regardless of whether the potas- 
sium which appears in the urine is secreted in ex- 
change for reabsorbed sodium (15) or whether it 
represents filtered potassium which is not reab- 
sorbed, the markedly increased potassium excre- 
tion in the experimental group was clearly re- 
lated to the accelerated sodium reabsorption. The 
small potassium diuresis observed in most of the 
control subjects, as well as the occasional small 
increments in urine acidity and ammonium excre- 
tion, may have been due to slight increases in so- 
dium reabsorption resulting from the sodium load 
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(16), although some non-specific effect of the sul- 
fate ion, or the influence of diurnal variation can- 
not be ruled out. 

Presumably the increment in potassium excre- 
tion constitutes another sodium-sparing mecha- 
nism, similar in this respect to the increased so- 
dium-hydrogen exchange which resulted in aug- 
mented excretion of ammonium and increased 
urine acidity. Comparison of Tables III and IV 
shows that in these experiments potassium excre- 
tion is quantitatively more important as a sodium- 
conserving mechanism than is excretion of am- 
monium. The temporal relationships among 
these sodium-exchange processes are variable. In 
some experiments (e.g., Experiment No. 10, Fig- 
ure 3) all three mechanisms appeared to be acti- 
vated simultaneously in the first post-infusion pe- 
riod. In other experiments (e.g., Experiment No. 
14, Table II) following the infusion there were 
one or more periods of potassium diuresis before 
the first sharp drop in urine pH. 

The relationship suggested here between so- 
dium reabsorption and the excretion of ammo- 
nium, free hydrogen, and potassium would seem 
to explain many earlier observations, including 
those of Hendrix and Sanders (2), and Briggs 
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(3). Renal conservation of body sodium requires 
tubular reabsorption of most of the filtered so- 
dium under all circumstances. The tendency for 
sodium to be retained whenever its salts are ad- 
ministered probably explains why loading with 
rapidly excreted anions such as phosphate (2, 17), 
hippurate (2), para-aminohippurate (18), or sul- 
fate (3) results in increased excretion of potas- 
sium, ammonium or acid. The contribution of 
titratable acid to the sodium-sparing process will 
depend upon the amount of urinary buffer avail- 
able. Increasing the stimulus for sodium reab- 
sorption will increase the activity of these mecha- 
nisms. Under these circumstances even sodium 
chloride loading might be expected to result in 
increased urine acidity and ammonium excretion, 
as was observed by Ryberg (19). Active stimula- 
tion of sodium reabsorption in excess of anion 
probably explains why prior depletion of sodium 
accelerates the renal ammonium and potassium re- 
sponses to loading with acid salts, and why the 
magnitude of this response is not necessarily re- 
lated to the degree of extracellular acidosis or to 
the quantity of acid retained in the body (6). 

It may be postulated that the acute potassium 
diuresis in the sodium-retaining subjects resulted 
in loss of potassium from renal tubular cells and 
that this was a factor in the increased acidity of 
the urine (15). This possibility cannot be ex- 
cluded in some experiments, but the occurrence 
in other experiments (Figure 3) of simultane- 
ous increments in potassium, ammonium, and 
free hydrogen makes this hypothesis unlikely. 
Furthermore, the acidity of the urines in most of 
these experiments is much more marked than in 
any of those reported in clinical or experimental 
potassium depletion (20-22), even in cases where 
total potassium losses were far larger than those 
produced here. 

A final point of interest is that the sulfate infu- 
sion tends to diminish chloride excretion in both 
groups of subjects but it affects bicarbonate in only 
the experimental group. If there is any compe- 
tition among the inorganic ions for priority in re- 
absorptive transport (23), bicarbonate appears 
not to participate. 


SUMMARY AND CONCLUSIONS 


An alkaline infusion of sodium sulfate was ad- 
ministered rapidly to a control group of subjects 
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and to subjects previously stimulated to retain 
sodium by sodium-free diets, adrenal steroids, or 
both. Although there were no significant changes 
in blood pH or CO, coritent, the urine of the 
sodium-retaining group became intensely acid, 
ammonium excretion increased, and there was a 
striking increase in the excretion of potassium. 
Despite an equivalent excretion of sulfate, the 
control group showed no consistent or significant 
change in urine pH or ammonium excretion and 
only a small increment in potassium excretion. 

It is concluded that a stimulus to reabsorb so- 
dium without equivalent amounts of anion will 
result in acidification of the urine and increased 
ammonium and potassium excretion. This re- 
sponse does not require any prior change in acidity 
of blood or tissues. The degree of urine acidity 
achieved is approximately proportional to the in- 
tensity of the stimulus to sodium reabsorption. 
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The recent demonstration by Finkenstaedt, 
O’Meara, and Merrill (1) that inulin progressively 
disappears from the plasma of anuric patients is 
at variance with the observations of Gaudino, 
Schwartz, and Levitt (2) in normal subjects, 
which were interpreted as excluding significant 
metabolism of inulin. The observations of Gau- 
dino, Schwartz, and Levitt were based on the uri- 
nary recovery of inulin after a single intravenous 
injection, and demonstrated complete recovery 
within the limit of analytical error. 

The present study was designed to explore two 
possible explanations of these conflicting conclu- 
sions ; first, the metabolic fate of inulin in the body 
may actually differ in the anuric patient and nor- 
mal subject ; second, the fate of inulin may be simi- 
lar in anuric patients and normal subjects, and the 
differences observed may be related to the in- 
vestigative procedures employed. 

The rate of disappearance of inulin in anuric 
patients may be estimated from the studies of 
Finkenstaedt, O’Meara, and Merrill. Table I 
contains a portion of their data with the additional 
calculation of a mean disappearance rate for the 
interval between recorded plasma concentrations. 
The disappearance rate for the 8 to 24-hour pe- 
riod following injection averaged 1.6 per cent per 
hour. 

It is evident from the data of Gaudino, Schwartz, 
and Levitt that after a single intravenous injection 
in normal subjects a major fraction (70 to 80 per 
cent) of the injected inulin is excreted in the urine 


1 This investigation was supported in part by the Atomic 
Energy Commission (contract AT (30-1) 1431) and by 
a research grant from the National Heart Institute of the 
National Institutes of Health, Public Health Service 
(USPHS H-1172 [C]). We are indebted to the Fourth 
(New York University Post-Graduate Medical School) 
Medical and Surgical Divisions of Bellevue Hospital for 
the privilege of utilizing clinical facilities on these 
services. 
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within two hours, If it is assumed that inulin is 
disappearing from the plasma, other than by uri- 
nary excretion, at a rate approximately equal to 
that calculated from the data of Finkenstaedt, 
O’Meara, and Merrill, the absolute quantity lost 
in a two-hour period is not great enough to be 
detected. The same consideration applies to the 
disappearance of sucrose by other than renal dis- 
position. To demonstrate disappearance of inulin 
in normal subjects, with an average disappearance 
rate of 1.6 per cent per hour and employing the 
usual analytical procedures, a given dose of inu- 
lin must be maintained in the body for a sub- 
stantial period of time. This can be accomplished 
by reinfusing urine at a rate equivalent to urine 
formation. 

This report describes a urine reinfusion tech- 
nique in man which is without untoward effect 
when appropriate precautions are employed. This 
method has been applied to the study of the fate 
of inulin and sucrose in normal subjects. Our 
observations indicate that neither substance is 
completely recoverable after it has been recircu- 
lated in the body for a period of five hours. 


METHODS 


The subjects of this study were free of cardiovascular, 
renal or urinary tract disease. Routine chemical and 
microscopic examination of the urine was normal in these 
individuals. Bacterial cultures were not performed. No 
oral fluid was administered during reinfusion in order 
that a low rate of urine flow would be maintained. A 
urethral catheter was inserted under sterile conditions 
and all succeeding urine samples were collected in sterile 
flasks. Following a timed urine collection for calcula- 
tion of urine inulinoid or sucrose blank, a known quan- 
tity 2 of inulin or sucrose was infused into an antecubital 


2 The actual amount of inulin administered varied con- 
siderably because of the varying proportion of yeast- 
resistant and alkali-stable inulin in commercial prepara- 
tions. The relative amounts of inulin and sucrose ad- 
ministered differed because the first is commercially 
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TABLE I 
Disappearance of inulin from plasma of anuric subjects * 


Inulin plasma concentration 


Mean disappearance rate 


8 24 48 96 8 to 24 24 to 48 48 to 96 

Subject hours hours hours hours hours hours hours 

A. W. 21.6 17.0 15.6 _ 1.5 0.3 _ 
le 25.3 17.0 13.7 7.0 2.5 0.8 1.4 
26.7 25.6 21.0 0.2 0.8 
R. A. 32.0 24.0 23.0 18.0 1.8 0.2 0.5 
M.R. 49.8 41.7 1.1 
E. B. 68.0 52.3 48.5 26.0 1.6 0.3 1.3 

Mean 1.6 


* From Finkenstaedt, O’Meara, and Merrill (1). 


vein through a plastic catheter. This infusion required 
5 to 15 minutes and was followed by the infusion of a por- 
tion of the urine collected for estimation of urinary blank. 
At 20-minute intervals the urine collection flask was 
changed and 10 minutes later this urine was added to the 
infusate.2 The rate of urine infusion was maintained 
equal to the rate of urine formation by an infusion pump 
of variable speed. 

With care, it was possible to avoid loss of urine inci- 
dent to changing the collection flasks or transfer to the 
infusion flask. Urine infusion was continued in this man- 
ner for a period of five hours, when the bladder was emp- 
tied and the catheter removed. All urine formed prior to 
removal of the catheter was infused, and all urine formed 
for 24 hours after removal of the catheter was saved. 
In three of the subjects who received inulin and in the 


available as a 10 per cent solution, the second as a 50 
per cent solution. Though it was desirable to employ 
large quantities of both substances, this desideratum 
could not be met in the case of inulin because the ad- 
ministration of relatively large quantities of fluid might 
initiate diuresis. 

The intervals selected for changing the collection 
flask and adding urine to the infusate determines the 
fraction of inulin maintained in vivo. In 20 minutes, 
assuming a glomerular filtration rate of 125 cc. per 
minute, 2.5 liters of fluid will have been filtered: this 
represents approximately 22 per cent of the inulin vol- 
ume of distribution in a 70 kg. man, and at equilibrium 
distribution this total filtrate will contain 22 per cent 
of the total amount of inulin administered. Since each 
sample is not added to the infusate until about the middle 
of the next 20-minute period, an additional 11 per cent 
of the total inulin will be excreted in the intervening pe- 
riod, so that a total of 66 per cent (100-(22+11)) of 
the injected inulin is in the body during the entire pro- 
cedure. The percentage of sucrose maintained within 


the body is of a similar magnitude. 


four subjects who received sucrose the 24-hour urine col- 
lection was carried out with the patient under observation 
in the research unit. An additional 24-hour urine collec- 
tion in these subjects revealed that excretion was down 
to the level of the urinary blank. In the other studies, 
urine was collected on the ward for 24 hours and was 
considered complete. 

Finally, all glassware and rubber tubing utilized during 
the infusion was rinsed with distilled water. The amount 
of inulin or sucrose in these washings was determined and 
subtracted from the amount initially administered in 
order to obtain the total amount of inulin or sucrose 
within the body at the end of the urine infusion period. 

Inulin was determined by the resorcinol method (3) 
following yeasting (yeast-resistant inulin) or treatment 
with hot alkali (alkali-stable inulin) (4, 5). Yeasting 
was carried out at room temperature with a 20 per cent 
suspension of baker’s yeast for 20 minutes. Alkali treat- 
ment was performed by adding 4 cc. 0.75 N NaOH to 
plasma filtrates and heating in a boiling water bath for 
15 minutes. Four cc. N HCl were added and the solution 
brought to an appropriate final volume. Plasma re- 
coveries employing either yeast or alkali treatment ranged 
from 98 to 102 per cent. 

Sodium and potassium were determined by a Baird As- 
sociates photometer employing a lithium internal stand- 
ard; chloride by the method of Schales and Schales (6) ; 
and CO, by the method of Scribner (7). 


RESULTS 


The infusion procedure was employed in 20 sub- 
jects. No major untoward effects were noted, 
though slight to moderate local discomfort at the 
site of the plastic intravenous catheter was com- 
mon at some time during the infusion. Two indi- 
viduals experienced headache and four others dis- 
played moderate facial flushing which was unas- 
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TABLE II 
Recovery of inulin in man after urine reinfusion 


Inulin in vivo at 
completion of 
urine infusion 


Subject 


Inulin recovered in 
24-hour urine 


collection Recovery 


Alkali- 
stable 
inulin 


Yeast- 
resistant 
inulin 


W. F.* 33 6.25 
J. O'B.t 49 8.65 8.33 
‘A. V.t 53 7.80 6.75 
P. W.t 26 3.78 3.72 
M. S.t 26 7.50 7.61 
F. D* 54 7.58 5.52 
J. B.* 54 11.23 7.85 
32 9.82 8.33 
|. mex 54 2.65 3.49 
52 11.93 8.49 


5.65 4.27 90 81 
8.76 7.55 101 90 
6.01 5.55 77 82 
4.18 2.68 110 72 
5.80 5.71 77 75 
4.80 3.27 o4 60 
9.76 6.88 86 87 
7.58 6.73 77 81 
2.66 3.12 100 89 
10.35 6.60 86 78 


* Warner-Chilcott Laboratories Inulin. 
{ U. S. Standard Products Co. Inulin. 


Twenty-four-hour urine collection obtained with subject in a private room under nursing observation. 


sociated with any change of body temperature or 
blood pressure. The 24-hour post-infusion urine 
volume was normal in all subjects. No adverse 
delayed effect attributable to the infusion technique 
was observed, though one subject developed an 
unexplained diuresis. 

Since the plasma inulinoid blank is known to be 
increased in anuria, (Finkenstaedt, O’ Meara, and 
Merrill), inulinoid blank concentrations were de- 
termined during control urine infusion studies in 
five subjects. There was no change in these values 
up to six hours. 

Serial estimations of plasma sodium, potassium, 
chloride, and CO, performed in 12 subjects during 
urine infusion failed to demonstrate any significant 
changes, and are not reported here. 

Post-infusion urine recoveries of inulin were 
determined in 10 subjects (Table II). The re- 
covery of yeast-resistant inulin ranged from 64 
to 110 per cent, with a mean recovery of 86 per 
cent. Urinary recovery of alkali-stable inulin 
ranged from 60 to 90 per cent with an average of 
80 per cent.* 

Though total recovery was incomplete, in five 
subjects the recovery of yeast-resistant inulin and 


4 The inulin sample administered to subject J. L. con- 
tained a smaller fraction of yeast-resistant inulin than 
alkali-stable inulin, values which were reproducible on 
repeated analyses. The reason for this unusual circum- 
stance is not known. This particular sample, which was 


buffered in 0.3 per cent phosphate to enhance solubility, 
contained an exceptionally large amount of copper-re- 
ducing carbohydrate. 


alkali-stable inulin agreed within 5 per cent, a 
difference without significance. In the other five 
subjects to whom inulin was administered, the re- 
covery of yeast-resistant inulin and alkali-stable 
inulin differed from 9 to 38 per cent, with the al- 
kali-stable recovery always less complete. The 
alkali-stable recovery was low in three subjects 
who showed essentially complete recovery of 
yeast-resistant inulin. Thus there was no con- 
sistent difference in the behavior of yeast-re- 
sistant and alkali-stable inulin. 

The post-infusion urine recovery of sucrose 
was determined in four subjects (Table III). 
Recovery ranged from 89 to 93 per cent, with a 
mean recovery of 91 per cent. 


DISCUSSION 


It has been demonstrated by the reinfusion of 
urine that a significant fraction of alkali-stable in- 
ulin is not recovered after prolonged recirculation 


TABLE III 
Recovery of sucrose in man after urine reinfusion * 


Sucrose Sucrose 
in vivo at recovered in 
completion 24-hour urine 
Subject Age of infusion collection Recovery 
gm. gm. per cent 

D. G. 25 M 64.9 58.0 89 
W. W. 37 M 66.9 60.8 91 
A.M. 56 M 70.0 64.7 92 
L.A. 21 M 48.9 45.3 93 


* Twenty-four-hour urine collection obtained with sub- 
ject in a private room under nursing observation. 
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in normal subjects. The recovery of yeast-re- 
sistant inulin is more variable, but also in general 
incomplete. Disappearance through non-renal ex- 
cretion might be expected to diminish recovery of 
both fractions to a comparable extent, but if disap- 
pearance is attributable to metabolic degradation 
some disparity between yeast-resistant and a!kali- 
stable inulin might be anticipated. Since a con- 
sistent pattern is not apparent, no statement can 
be made regarding the fate of the inulin which was 
not recovered. 

Cotlove (5) has demonstrated the heterogeneity 
of various inulin preparations by chromatography 
and shown that the fraction which is resistant to 
yeast but is alkali-labile is of smaller molecular 
size and/or more spherical than the alkali-stable 
fraction. Though Cotlove reports that these frac- 
tions have similar renal clearances and volumes of 
distribution in the skeletal muscle of the rat, we 
are inclined for the purposes of the present study 
to stress the behavior of the alkali-stable fraction 
because it has the greatest molecular size. Our 
observations show that this fraction is, neverthe- 
less, not wholly recoverable in the urine despite 
the supposition that it would be less vulnerable to 
metabolic degradation. Without prejudice as to 
the fate of the unrecovered inulin, we are in agree- 
ment with Finkenstaedt, O’Meara, and Merrill 
that all inulin is not recoverable, at least with re- 
spect to presently available commercial prepara- 
tions. 

Though our observations are limited in number, 
they suggest that in man ° inulin recovery is more 
variable and, on the average, less complete than 
the recovery of sucrose. This indication, together 
with the smaller molecular size of sucrose and its 
greater chemical purity, inclines us to a preference 
for this substance for the estimation of readily ex- 
changeable extracellular fluid volume (8). 

Continuing renal function limits the study of 
metabolism of substances rapidly excreted by the 


5 Our previously recorded studies as well as our 
present comments pertain to the use of sucrose in man. 
The available data indicate that sucrose cannot be used 
in dogs (and possibly other animals) because of metabo- 
lism, and it has never been recommended for this purpose. 
Our paper (8, p. 1463 line 34, right hand column) con- 
tains a typographical error, where sucrose should read 
sucrase. 
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kidneys, the buffering role of cells and non-extra- 
cellular structures, and the measurement of extra- 
cellular fluid volume with substances which are 
rapidly excreted. The urine reinfusion procedure, 
with appropriate precautions for sterility and 
against water diuresis (with possible hemolysis), 
converts the subject into a closed system and per- 
mits examination of these problems for short pe- 
riods of time independently of the function of the 
kidney. In our experience, the procedure is with- 
out immediate or delayed ill effects. 


SUMMARY 


By means of a urine infusion procedure it has 
been demonstrated that a significant fraction of 
inulin fails to be recovered in the urine after a 
five-hour period of recirculation in normal sub- 
jects. The recovery of sucrose after a similar pe- 
riod of recirculation is somewhat more complete. 

The urine reinfusion technique allows short 
term studies to be performed in intact man inde- 
pendently of the function of the kidney. 
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Several theories have been advanced to describe 
the digestion of fats in animals and in humans. 
Of these, two have been popular. The hydrolytic 
theory (1) suggests that triglycerides are broken 
down completely to fatty acids and glycerol which 
are then absorbed into the intestinal wall. The 
particulate theory (2) suggests that triglycerides 
are partially hydrolyzed in the intestinal lumen 
to monoglycerides, diglycerides, and fatty acids. 
The partial glycerides, fatty acids, and bile salts 
cause a fine emulsification of the remaining tri- 
glyceride. This emulsion, containing triglycer- 
ides, then enters the intestinal wall. 

Much indirect evidence exists for the formation 
of partial glycerides during fat digestion. Reiser, 
Bryson, Carr, and Kuiken (3) analyzed the lipids 
recovered from the thoracic ducts of rats fed 
iagged triglyceride and concluded that the major 
portion of ingested fat is hydrolyzed to mono- 
glyceride prior to absorption. Frazer and Sam- 
mons (4) noted that lipids isolated from the lu- 
men of the intestinal tract of rats had a high 
hydroxyl value and concluded that monoglyceride 
was present. Later Frazer (5) reported, without 
presenting experimental details, that he had found 
monoglycerides in the intestinal tracts of human 
subjects. The formation and presence of mono- 
glycerides in the intestinal tract during the di- 
gestion of fat has been reported in the dog (6), 
rat (3, 4, 7-9), cat (10), monkey (8), and man 
(5, 11). 

Theoretically the formation of two isomeric 
monoglycerides is possible when a triglyceride is 
digested to monoglyceride. It was not until the 
recent work of Mattson, Benedict, Martin, and 
Beck (7) that 2-monoglycerides were shown to 


1 Presented in part before the meeting of the American 
Institute of Nutrition, Federation of American Societies 
for Experimental Biology, Atlantic City, N. J., April 15, 
1954. Contribution No. 256 from the Department of 
Food Technology, Mass. Institute of Technology, Cam- 
bridge, Mass. 


Cincinnati, Ohio) 


(Submitted for publication September 27, 1954; accepted January 12, 1955) 
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be present in digestion products. These authors 
showed that almost all of the monoglycerides 
formed from 2-oleyl-dipalmitin were initially pres- 
ent as the 2-isomer. This observation indicated 
that the hydrolysis of triglycerides in the intestinal 
tract of the rat involved a series of step-wise reac- 
tions from triglycerides to 1,2-diglycerides to 2- 
monoglycerides, with fatty acids released at each 
step. Recently Borgstrém (12) demonstrated 
that these same reactions occur during the in vitro 
hydrolysis of triglycerides by rat pancreatic lipase. 

The present study was started in 1951 in order 
to determine the intermediates formed during fat 
digestion in humans. It has been found that the 
level of total monoglyceride ranged up to 13 per 
cent of the total lipids, and one-half to two-thirds 
of this was present as 2-monoglyceride. The free 
fatty acid content was two to three times the total 
monoglyceride content. 

Interfacial tension measurements of the intesti- 
nal lipids against the corresponding aqueous phase 
showed a high level of surface activity during fat 
digestion. 


EXPERIMENTAL 


Healthy, white male subjects, aged 19 to 35 years 
(mean 24 years), upon entering the Homberg Memorial 
Infirmary (M.I.T.) early on Friday evening were given 
morphine sulfate (1/6 gr.) and atropine sulfate (1/150 
gr.) subcutaneously. Their nasal passages were sprayed 
with a 0.5 per cent solution of Pontocaine® and a pledget 
of cotton moistened with adrenalin inserted. A No. 16 
French Miller-Abbott tube, with its rubber balloon con- 
taining 3 ml. of mercury, was passed nasally. The sub- 
jects then ate a supper and went to bed on their right 
sides. Fluoroscopic examination at about 9 p.m. usually 
revealed the end of the tube in the first portion of the 
duodenum. When it was not, the tube was worked into 
position by manipulating the subject. At 1:00 a.m., 40 ml. 
of air was injected into the balloon to stimulate peristalsis 
and facilitate passage of the tube along the intestinal 
tract, and the tube was clamped. This operation was de- 
layed until 1:00 a.m. to allow the evening meal to pro- 
gress beyond the end of the tube. At this time the sub- 
jects usually took 1.5 gr. of Nembutal®. Pontocaine® 
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spray was available for use whenever the tube caused dis- 
tressing irritation of the nose or throat. 

On Saturday morning the air was released from the 
balloon to allow the accumulated intestinal juices to pass. 
The position of the tube was adjusted under the fluoro- 
scope and an x-ray photograph was taken. Later the 
photograph was used to measure the approximate dis- 
tance from Treitz’ ligament to the most distal hole in 
the aspirator tube. 

The balloon was reinflated and each subject drank 45 
ml. of melted vegetable fat? (a 3/1 mixture of soybean 
oil and cottonseed oil, hydrogenated to an iodine value of 
80). The tube was connected to a liter, round-bottom 
flask containing ethyl ether, and the flask was immersed in 
an alcohol-dry ice bath. Suction was applied to the sys- 
tem by a Phelan tank operating at a negative pressure of 
7 inches of mercury. In preliminary experiments it was 
established that lipase action ceased completely at this 
point when only ethyl ether was used; Bloor’s mixture of 
alcohol and ether was ineffective. Periodically (at one- 
half or one hour intervals) the collection flasks were ex- 
changed for new ones. 

Shortly after each sample was collected more ethyl 
ether was added to the frozen chyme and the mixture was 
thawed at 40°C. When the sample was completely lique- 
fied the bulk of the ether was decanted. Then 3 to 5 
volumes of fresh ether and sufficient anhydrous sodium 
sulfate to absorb all of the water were added to the chyme 
with vigorous swirling. After filtering, the combined 
ether extracts were washed five times with water, dried 
with anhydrous sodium sulfate, filtered and concentrated 
to approximately 75 ml. The samples were placed in 4 
oz. bottles with screw caps lined with aluminum foil, 
packed in dry ice, and shipped to the Procter and Gamble 
Company laboratories for analysis. There was sufficient 
dry ice in the package so that some remained at the 
destination; thus, all samples were kept at a low tem- 
perature during transit. 

The ether was removed under vacuum at 40°C. and 
the residue was weighed. In many instances there was in- 
sufficient lipid for analyses. Whenever sufficient material 
was available a portion of the sample was taken up in 
chloroform, washed with water, dried with anhydrous 
sodium sulfate, and analyzed for 1-monoglyceride (7, 13). 
Another portion in chloroform was treated with per- 
chloric acid to convert the 2-monoglycerides to 1-mono- 
glycerides, then water-washed, and analyzed for total 
monoglycerides (13). The correction factor to convert 
from the equilibrium mixture after isomerization to total 
monoglyceride was not applied in these experiments. 

The content of free fatty acids was determined on each 
fraction by titration. 

In all instances whenever samples were not being proc- 
essed, they were stored at 5°C. 

Measurements of surface activity were made on samples 


2A sample of the test fat was analyzed with each set 
of intestinal lipid samples. In all cases the free fatty 
acid content was less than 1.0 per cent and the weight 
per cent of total and 1-monoglyceride was less than 1.5. 
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obtained as described above except that the chymes were 
collected in dry flasks immersed in baths of dry ice and 
alcohol. These chymes, without further processing, 
were packed in dry ice and shipped to the Procter and 
Gamble Company laboratories. The frozen samples were 
allowed to thaw at room temperature and as soon as the 
samples were pourable they were centrifuged to separate 
the oily phase from the aqueous phase. The time of 
centrifugation was less than twenty minutes in all cases. 
The fractions were immediately stored at 5°C. until in- 
terfacial tension measurements could be made on the lipid 
against the corresponding aqueous phase. All measure- 
ments were made within six hours of centrifugaticn; it 
was determined that no change in the values occurred 
with storage times up to 24 hours. The standard drop 
volume technique, as described by Andreas, Hauser, and 
Tucker (14), and Fordham (15), was used for the deter- 
mination of surface activity in these systems. 


RESULTS AND DISCUSSION 


Many preliminary experiments were necessary 
for the development of satisfactory clinical and 
laboratory techniques. The following experiments 
were satisfactory in all respects and were con- 
sidered to give the most reliable data concerning 
the intermediates formed during fat digestion in 
human beings. 

The results obtained in eleven experiments with 
seven male subjects fed melted triglyceride are 
presented in Table I. 

Appreciable quantities of monoglycerides and 
free fatty acids were present at almost all periods 
of digestion. The level of total monoglycerides in 
the intestinal lipids ranged up to 13 per cent with 
considerable variation among individuals. How- 
ever, several individuals showed a relatively con- 
stant amount, irrespective of the length of time of 
digestion or the site of chyme recovery. For ex- 
ample, in subject J. E. M. the weight per cent of 
total monoglyceride ranged from 4.5 to 6.8 whereas 
in subject W. V. C. it ranged from 10.4 to 11.5. 

The analytical techniques used in these experi- 
ments had a limitation which could not be com- 
pletely overcome. The method for isomerizing 
2-monoglycerides to 1-monoglycerides was not 
quantitative. Under the conditions employed the 
conversion was generally about 85 per cent com- 
plete. Thus, the values for total monoglycerides, 
as determined by the periodic acid oxidation 
method, are minimal values. 

An appreciable portion of the monoglycerides 
was of the 2-configuration. In many cases the 
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TABLE I 
Intestinal lipid analyses at various intervals following the feeding of triglycerides * 


J.E.M. J.E.M. 
13-52 
20 


5—2-S3 
0-18 


Lipid weights (gm.) 


0.02 
0.68 


31.66 
0.57 


0.73 


0.79 


1.5-2.0 hours 


Total 32.96 


(c)|| 
0.19 
14.70f 


14.89] 20.84 


0.02 0.01 15.07 

0.39 O01 6.22 11.21 

7.52 0.03 
20.82 -5.71t 

7.18 


15.11 


(c)|| 
12.1 


8.30t 


14.28 
0.86 


20.499 20.84 11.93] 26.32 


Total monoglycerides (wt. %) 


.5 hours 


9.2} 


0.7§ 


3.3t 


10.1 


6.7 


1-Monoglycerides (wt. %) 


0.9§ 


3.8 


2.0f 


3.6f 
2.8 


Free fatty acids (wt. %) 


26.6t 
1.5-2.0 hours 


28.0f 


11.4 


25.0 
14.9 


1.2 
15.9 22.4 


19.3} 
12.4 


* A 1/3 mixture of cottonseed oil and soybean oil, hydrogenated to an iodine value of 80. 
+ Distance in inches between Treitz’ ligament and the distal hole of aspirator tube. 


riod: 1.0 to 2.0 hours. 


These monoglyceride values are below the sensitivity of the method and therefore are not significant. 


Samples collected over a one-hour 
Lipids were not recovered from this sample. 


Total not complete since initial sample weight was not obtained. 


amount of 2-monoglyceride was greater than the 
amount of 1-monoglyceride. The analytical limi- 
tation discussed above makes these minimal values 
for 2-monoglyceride. 

In two experiments (H. D. S. and D. B. 5-2-53) 
the major portion of the fat was recovered within 
the first half hour. The very low levels of total 
monoglyceride and free fatty acids in these sam- 
ples indicate a limited hydrolysis. This probably 
resulted from a very rapid passage of fat from the 
stomach into the intestine with only a limited op- 
portunity for hydrolysis before the fat was 
recovered. 

The level of the free fatty acids was nearly 
in direct proportion to the amount of total mono- 
glycerides, the ratio of fatty acids to monogly- 
cerides being between 2: 1 and 3: 1 for all subjects. 

The monoglyceride and free fatty acid levels 
and types reported here are similar to those ob- 


served by Mattson, Benedict, Martin, and Beck 
(7) in rats three hours after feeding triglyceride. 
Thus, the nature and the levels of these intermedi- 
ates formed during the intestinal digestion of tri- 
glycerides are similar in man and in rats. 

It might be expected that the amount of fat re- 
covered from the lower portions of the small in- 
testines would be significantly less than that re- 
covered from the upper end of the intestinal tract, 
since there would have been more opportunity for 
fat absorption to occur. Tube positions were com- 
pared with fat recoveries but the data were too 
variable to reveal whether there was a relation be- 
tween the site of fat recovery and the total amount 
of fat found. 

In the tables where two tube positions are cited, 
the first value represents the initial position, and 
the second indicates the location of the tube at the 
conclusion of the experiment. Where only one 
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Date performed.....10-18-52 11-22-52 10-18-52 11-22-52 12-13-52 5$-2-53 12-13-52 10-18-52 11-22-52 mi 
. Tube positionf.........21 0-18 0 -6 0-8 11-12 8 5 1-10 - 
0-0.5 hours 0.09 
ostohous 200 iso 
1.0-1.5 hours 0.06 0.79 4.31 4 
12.80 | | 
0.01 0.02 1.39 
0.5-1.0 hours 10.4 — 6.9 = — 7.8 |_| — 6.8 5.8 
1.0-1.5 hours st 12.7 = = 9.2 5.3 6.3 
: 
0.5-1.0 hours 2.5 22 = 4.3 8.7 4.0 2.6 
1.0-1.5 hours 2.9 4.9 1.8 
0-0.5 hours — — 10.0 9.2 
1.0-1.5 hours a 20.1 15.0 11.4 — 
= = 
13.4 — 
j i 
4 
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tube position is given, the value always represents 
the initial position. Because there was a tend- 
ency for the intestine to “sleeve onto” the Miller- 
Abbott tube during the course of each experiment 
these measurements are necessarily approximate. 

In the experiments described above a relatively 
large amount of fat was fed as the sole component 
of the test meal. The digestion of fat in a more 
conventional meal was studied in three subjects 
who received a breakfast consisting of toast pre- 
pared from fat-free bread, 45 g. of the above 
triglyceride (colored and flavored to resemble 
margarine), jelly, sugar, and coffee. The collec- 
tion of the intestinal chymes was started with the 
initial ingestion of food. Total lipid recoveries 
(Table II) were considerably lower than when 
fat alone was fed, but the proportions of mono- 
glycerides and free fatty acids were similar to the 
previous values. In the one instance (J. E. M.) 
where a direct comparison was possible, the total 
monoglyceride and the free fatty acid values were 


TABLE II 


Intestinal lipid analyses at various intervals following 
the feeding of a breakfast * 


J. E. M. L. G. 
Tube positiont 18-24 


Lipid weights (gm.) 
1.69 
1.07 
4.98 
0.36 


8.10 
Total MG. (wt. %) 


1—MG. (ut. %) 
3.9 
3.8 


* Breakfast: toast, 45 gm. “dry’’ margarine prepared 
from triglyceride (see text), jelly, coffee, and sugar. 

t Inches between Treitz’ ligament and distal hole of 
aspirator of Miller-Abbott tube. 

t Collection of chyme started when subjects began eating 
breakfast which extended over the first half hour. 
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TABLE II 
Surface activity at oil-water boundaries in intestinal chymes 


Interfacial 
tension 
(dynes cm.~) 


Average time 

Date ter fat 
performed ingestion 
12-13-52 
1-17-53 
1-17-53 
1-17-53 
1-17-53 


15 min. 

1 hour 

1 hour 
1 hour <0.3 
1 hour 45 min. <0.3 


slightly higher following the feeding of the break- 
fast than when triglyceride alone was fed. All in 
all, there was no significant difference in the pro- 
portion of fat digestion products found when fat 
was fed alone and when fat was incorporated into 
a meal. 

Kuhrt and his co-workers (11) have reported 
the presence of 38 per cent and 50 per cent mono- 
glyceride in the intestinal contents of two sub- 
jects after eating a light lunch. Apparently 
2-monoglyceride was absent, for the total mono- 
glyceride appeared to be all 1-monoglyceride. 
The striking differences in monoglycerides val- 
ues between the observations of Kuhrt and his 
associates and this study may be attributed to the 
distinct differences in the nature of the test meal, 
and in the methods of chyme collection, lipid iso- 
lation and lipid analysis. 

The interfacial tension values of five samples ob- 
tained from subjects fed a melted triglyceride are 
given in Table III. The values reported are for 
unaged surfaces. If diffusion between surfaces 
had been allowed to take place until equilibrium 
was attained, still lower interfacial tensions would 
have been observed (14, 15). The data show that 
the level of surface activity during fat digestion 
was high. The previous work of Dasher (16) in- 
dicates that the bile salts are largely responsible 
for this high surface activity. In fact, the surface 
activity of the intestinal contents during the di- 
gestion of fat is so high that large quantities of 
monoglyceride of dietary origin could be pres- 
ent without significantly lowering the boundary 
tensions. 


SUMMARY 


Lipids recovered from the lumen of the intes- 
tines of eleven healthy young men were analyzed 
for content of free fatty acids, total monoglycer- 
ides, and 1-monoglycerides. 


M. 
D.B. 
L.G. 
L.G 
20-23 
0-1.5 hourst 4.76 1.66 
1.5-2.5 hours 0.52 1.39 
2.5-3.5 hours 0.31 1.38 
3.54.2 hours 0.58 0.76 
Total 6.17 5.18 
0-1.5 hourst 7.3 5.1 4.4 
1.5-2.5 hours 9.1 3.1 11.3 
2.5-3.5 hours 10.2 11.2 
3.5-4.2 hours — 18.7 10.8 
0-1.5 hours 2.3 2.4 
1.5-2.5 hours 1.7 6.0 : 
2.5-3.5 hours — 64 
3.5-4.2 hours 5.6 35 
Free fatty acids (wt. %) 
0-1.5 hourst 17 10 14 
1.5-2.5 hours 20 6 26 
2.5-3.5 hours 22 oo 26 
3.5—4.2 hours 30 22 
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The level of total monoglyceride ranged up to 
13 per cent of the total lipids, and one-half to 
two-thirds of this was present as 2-monoglyceride. 
The free fatty acid content was two to three times 
the total monoglyceride content. 

Three subjects were fed a breakfast of toast, 
margarine, jelly, sugar, and coffee. There was 
no significant difference in the proportion of fat 
digestion products recovered when fat was fed 
alone and when incorporated into a meal. 

Interfacial tension measurements made on in- 
testinal lipids against the corresponding aqueous 
phases showed a high level of surface activity 
during fat digestion. 
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Previous studies in this laboratory have shown 
that some patients with chronic alcoholism and 
Laennec’s cirrhosis at rest in the supine position 
have a high cardiac output and low peripheral 
vascular resistance (1). The cardiac output in 
such subjects is increased out of proportion to the 
oxygen consumption, i.e., the arteriovenous oxy- 
gen difference is unusually small. 

The present study of the hemodynamic response 
to exercise in patients with Laennec’s cirrhosis 
was carried out to assess the cardiac reserve, and 
to determine whether individuals with elevated 
cardiac output and lowered peripheral vascular 
resistance at rest are capable of further decrease 
in peripheral resistance during exercise. 


MATERIAL AND METHODS 


Eleven patients with advanced Laennec’s cirrhosis 
were studied on seventeen separate occasions at rest and 
during exercise. The patients were selected on the basis 
of availability and consent, and absence of clinical, radio- 
graphic, and radioscopic evidence of coexisting organic 
disease of the heart or lungs. All gave a history of ex- 
cessive intake of alcohol of long duration, associated 
with irregular eating habits. The diagnosis of cirrhosis 
was made on the basis of history, hepatomegaly, associ- 
ated secondary signs such as spider angiomata, palmar 
erythema, decreased axillary and pubic hair, evidence of 
portal hypertension and laboratory evidence of hepatic 
dysfunction. In one patient (Case No. 23) the diagnosis 
was confirmed by needle biopsy of the liver, and in two 
others (Cases No. 21 and No. 38) at postmortem exami- 
nation. Of the eleven patients studied, eight had overt 
ascites and/or edema at the time of the first study, while 
three showed no evidence of fluid retention. About half 
f the patients were mildly to moderately anemic. In 
no instance was there evidence of recent bleeding. 


1 Aided by a grant from the Massachusetts Heart As- 
sociation. 

2 This work was done in part during the tenure of a 
Research Fellowship of the American Heart Association. 

8 This work was carried out during the tenure of a 
Postdoctoral Research Fellowship, Life Insurance Medi- 
cal Research Fund. 


None of the patients showed clinical evidence of thiamine 
deficiency. Three patients (Nos. 21, 28, and 31) had 
been taking thiamine for several weeks prior to study. 
Some of the clinical characteristics are presented in 
Table I. 

The patients were studied in the early morning, in the 
postabsorptive state, in recumbency and without seda- 
tion. The cardiac output was determined by the dye in- 
jection method of Hamilton and co-workers (2) with 
minor modifications as reported previously (1). The dye 
was injected into an antecubital vein, and samples were 
taken from a brachial artery. The cardiac index was 
calculated from the cardiac output and the body surface 
area based on actual weight at the time of study. It 
is recognized that in patients with edema and especially 
ascites body surface area, calculated from height and 
weight (3), may be an erroneously high index of metabo- 
lizing body mass. For this reason, the true cardiac in- 
dex in patients exhibiting fluid retention may be even 
higher than reported. Blood flow in relation to metabolic 
requirements is assessed more validly by the ratio: cardiac 
output/oxygen consumption, or by its reciprocal, the 
calculated arteriovenous oxygen difference. 

Oxygen consumption in general was determined by 
the open circuit method, the expired air being collected 
in a Douglas bag over a three-minute period. During 
the second minute the cardiac output was determined. 
The volume of expired air was measured in a Tissot 
spirometer. The concentration of oxygen was measured 
by means of a Pauling Oxygen Analyzer.4 The aver- 
age R.Q. corrections of Dexter and his co-workers (4) 
for converting expired volume to inspired volume were 
used. In patients No. 23 and No. 28A the oxygen con- 
sumption was determined by means of a closed circuit 
water spirometer filled with oxygen, over a six-minute 
period, after each determination of the cardiac output. 

Phasic and mean arterial pressures were measured di- 
rectly by means of an electro-manometer 5 and recorded 
on a direct writing oscillograph.® 

Peripheral vascular resistance was calculated according 
to the formula (5). 

Resistance = 
Mean arterial pressure mm. Hg X 1332 


Cardiac output cc./sec. 
dynes seconds cm.-5 


The studies were then repeated during mild exercise, 


4A. O. Beckman, Inc., Pasadena, California. 
5 Sanborn Company, Cambridge, Massachusetts. 
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performed by pedalling on a bicycle ergometer at an ap- 
proximate rate of 40 to 50 r.p.m., in recumbency. Ex- 
ternal work was not measured; the increase of the oxy- 
gen consumption served as an index of work performed. 
A minimum of ten minutes of steady exercise was re- 
quired before the simultaneous determinations of cardiac 
output and oxygen consumption were carried out. 

In seven instances the antecubital venous pressure at 
rest was estimated by means of a saline manometer, with 
reference to a zero point 5 cm. below the angle of Louis. 


RESULTS 


The data are presented in Table I. The ob- 
servations made in patient No. 21 at rest have been 
reported previously (1: Case No. 21). 


Observations at rest 


Twenty-four normal subjects studied at rest in 
this laboratory (6) have shown a mean cardiac 
index of 3.60 per Min. per m? with a standard 
deviation of + 0.62 L. per Min. per m?. The find- 
ings in the present series of patients with cirrhosis 
are similar to those in a previous group of com- 
parable patients (1). The mean resting cardiac 
index in the present group of cirrhotic patients 


was 5.14 L. per Min. per m?, with a standard de- 


viation of + 1.27 L. per Min. per m?. In four 
patients on one or more occasions the cardiac 
index exceeded 5 L. per Min. per m*; in every 
instance the cardiac output was elevated out of 
proportion to the oxygen consumption, hence as- 
sociated with a small calculated arteriovenous 
oxygen difference. The blood pressures at rest 
were within normal limits except for patients 
No. 27, No. 29, and No. 33 whose blood pressure 
appeared somewhat elevated. The pulse pressure 
was wide in several patients. Elevated cardiac 
outputs were associated with relatively low cal- 
culated peripheral vascular resistance. The rest- 
ing heart rate tended to be high but accounted only 
in part for the increased blood flow, an elevated 
cardiac output generally being associated with in- 
creased stroke volume. No relationship was evi- 
dent between level of cardiac output and degree 
of anemia or overt edema or ascites. The venous 
pressure, where measured, was within normal 
limits. 


The response to exercise 


It was our aim to reach a level of exercise which 
would result in a two to three-fold increase of the 
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oxygen consumption. While this was accom- 
plished in most patients, others were too weak or 
were insufficiently motivated to pedal at the neces- 
sary pace and reached only about one and one-half 
times the resting oxygen consumption. 

In nine of the eleven patients studied the car- 
diac output definitely increased during each pe- 
riod of exercise. In these nine patients the in- 
creases expressed as increment of blood flow per 
each 100 cc. of increase in oxygen consumption 
ranged from 451 cc. per 100 cc. O, to 3833 cc. 
per 100 cc. O,, with a mean of 1388 cc. per 
100 cc. O,. In two patients different responses to 
exercise were observed. Patient No. 28 showed 
a very striking increase in blood flow during ex- 
ercise when first studied, with edema and some 
ascites, but upon reexamination three months later, 
when he had returned to work and showed no 
evidence of fluid retention, he failed to increase 
his cardiac output during exercise (No. 28B). 
At both times the level of the resting oxygen con- 
sumption and its increment during exercise were 
comparable. However, the resting cardiac output 
and stroke volume, which had been only slightly 
elevated at the time of the first study, were quite 
high during the second study. Four months later 
the patient was still jaundiced but had become 
much more anemic; he was still working steadily. 
His resting output again was high, but notwith- 
standing the more marked anemia, the cardiac 
output at rest was slightly lower than during the 
second examination. Upon moderate exercise a 
higher oxygen consumption was reached than 
previously, and the cardiac output rose from 13.9 
liters per Min. to 20.1 liters per Min. (No. 28C). 
Patient No. 23 was edematous and had an elevated 
cardiac output at rest. He performed only mild 
exercise during which the cardiac output did not 
change significantly. He was not studied again. 

The heart rate always increased during exercise. 

The stroke volume generally increased. In 
four studies it decreased slightly (Nos. 23, 27A, 
28B, 36A). In all four instances, both stroke vol- 
ume and cardiac output were already elevated at 
rest. In studies No. 23 and No. 28B, the de- 
crease in stroke volume was associated with a 
slight decrease in cardiac output, in studies No. 
27A and No. 36A with a slight to moderate in- 
crease in cardiac output. 


“ 
: a 


HEMODYNAMICS DURING EXERCISE IN CIRRHOSIS 


The mean blood pressure increased during exer- 
cise except at the first study of patient No. 36 when 
it decreased slightly, in association with the small- 
est increase in blood flow observed in this series. 

The calculated peripheral vascular resistance 
decreased whenever the cardiac output rose during 
exercise. Only in studies No. 23 and No. 28B, 
where the cardiac output did not increase, did 
peripheral resistance also fail to increase. 

After the exercise period, each subject was 
carefully questioned concerning possible symp- 
toms. Although four patients had told of short- 
ness of breath on exertion prior to hospitaliza- 
tion (patients Nos. 21, 29, 33 and 36 A, B, and 
C), none felt short of breath after the exercise 
in the laboratory. The exercise was generally 
considered at least as heavy as walking, and on 
five occasions the subject felt quite fatigued (pa- 
tients Nos. 26A, 29, 30, 31, and 36A). 


DISCUSSION 


The studies carried out during the resting state 
confirm our previous hemodynamic observations 
in patients with Laennec’s cirrhosis (1). The 
cardiac output in certain subjects tends to be in- 
creased without a corresponding increase in oxy- 
gen consumption, resulting in a narrowing of the 
arteriovenous oxygen difference. Again, eleva- 
tion of the resting cardiac output was associated 
with a lowering of the peripheral vascular re- 
sistance. 

These findings may be interpreted as indica- 
tive of peripheral vascular dilatation analogous to 
multiple arteriovenous shunts in parallel. The 
site of the presumed vasodilatation remains in 
question, although clinical evidence favors the 
skin (cutaneous spider angiomata, palmar ery- 
thema, warm hands, clubbing of fingers), and the 
finding of decreased hepatic and splanchnic blood 
flow in Laennec’s cirrhosis (7) would tend to 
eliminate the splanchnic vascular bed. Indeed, 
plethysmographic evidence of increased cutaneous 
blood flow in patients with hepatic disease has 
been reported (8). 

Exercise in healthy subjects is accompanied 
by an increase in cardiac output and a decrease in 
peripheral vascular resistance, attributed to vaso- 
dilatation and opening of new channels of per- 
fusion in the vascular bed of skeletal muscles. 
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In a group comprising six ambulatory convales- 
cent patients without disease of the heart, lungs 
or liver and three healthy subjects (6), studied 
as outlined above, the mean increase in cardiac 
output during exercise was found to be 505 cc. 
per 100 cc. O, consumed, with a standard devia- 
tion of 397 cc. Dexter and associates (4) studied 
a group of healthy untrained individuals by means 
of cardiac catheterization and in seven studies 
with comparable exercise found a mean increment 
of blood flow of 537 cc. per 100 cc. O,, + 356 cc. 
(S.D.).° 

It may be more pertinent to compare the pres- 
ent group of patients to a group of alcohol ad- 
dicts without evidence of cirrhosis. Ten alcohol 
addicts, whose mean age was three years below 
that of the present group of patients, studied in 
comparable manner, showed a mean resting cardiac 
index of 3.36 L. per Min. per m?; during exer- 
cise the mean increase in blood flow was 703 cc. 
per 100 cc. increase in oxygen consumption, with 
a standard deviation of 107 cc. (9). With the 
exception of studies No. 23 and No. 28B, the 
increase of the cardiac output of cirrhotic patients 
during exercise was as great as or greater than 
that of comparable alcohol addicts without cir- 
rhosis. The cirrhotic patients during exercise 
showed a mean change in cardiac output of + 1318 
cc. per 100 cc. increase in oxygen consumption, 
with a standard deviation of 1300 cc. 

The greater mean increase in blood flow in the 
exercising cirrhotic subjects, as compared to other 
subjects studied in this laboratory, is difficult to 
evaluate in view of the greater variability of re- 
sponse in the cirrhotic group. Considerable vari- 
ation in the response of normal subjects to ex- 
ercise has been reported from other laboratories 
(10, 11). Nevertheless, the present data sug- 
gest that in cirrhosis the cardiac output during 
exercise, as well as the cardiac output at rest, may 
be unusually high. 

The failure of patient No. 28 to respond to ex- 
ercise by an increase in cardiac output at the time 
of the second study (No. 28B) may well be re- 
lated to the high level of his resting blood flow. 
At rest his calculated arteriovenous oxygen dif- 
ference was small, while during mild exercise it 
fell within normal range. Thus in proportion to 


6 Values computed by us. 
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the oxygen consumption, blood flow remained 
normal, Since the mean arterial pressure rose 
during exercise, left ventricular work against pres- 
sure actually increased. In a third study (No. 
28C), the same patient during more strenuous ex- 
ercise exhibited an adequate increase in cardiac 
output. Thus it appears unlikely that cardiac 
reserve was limited at the time of the second 
study. Patient No. 23 performed only very mild 
exercise. Inasmuch as his resting blood flow also 
was elevated, his calculated arteriovenous oxygen 
difference was normal during exercise despite his 
failure to increase blood flow. 

A situation similar to that encountered in pa- 
tients 23 and 28B has been observed in patients 
with anxiety studied at rest and during mild ex- 
ercise (6, 12). When anxiety was accompanied 
by a high resting blood flow cardiac output during 
subsequent exercise at times failed to increase 
further, or even fell below the resting level. 

It is of interest that tense abdominal ascites, 
present in subjects 26A, 26B, and 36C, did not 
prevent a moderate rise in blood flow during 
exercise. 

On the whole the response of the present series 
of patients with chronic alcoholism and Laennec’s 
cirrhosis to mild and moderate exercise may be 
considered within normal limits. In general our 
patients were able to increase cardiac output and 
were capable of further vasodilatation or perfu- 
sion of additional vascular channels during ex- 
ercise. The tendency of blood flow to be increased 
out of proportion to oxygen consumption at rest 
tended to persist or even increase during exercise. 

Under the conditions of study, the present pa- 
tients were able to meet an increased demand for 
oxygen by increasing cardiac output and showed 
no evidence of a decrease in cardiac reserve. 
Thus, although the incidence of “high output 
state” was high, there was no evidence of “high 
output failure,” as has been described in beriberi 
heart disease (13-15). However, the hemody- 
namic response of such patients to maximal ex- 
ercise, and the end-diastolic ventricular pressure 
during exercise remain unknown. 


SUMMARY 


Cardiac output, direct arterial pressure, and 
oxygen consumption were measured in eleven 
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patients with Laennec’s cirrhosis on seventeen 
separate occasions at rest and during mild to 
moderate exercise in the supine position. 

At rest, the cardiac output was often high and 
associated with a low peripheral vascular resist- 
ance. During exercise the cardiac output in- 
creased and peripheral resistance decreased in all 
but two instances. The increase in blood flow 
generally was at least of the order of that seen in 
normal individuals during comparable exercise 
and often was quite large. 
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Since it has been shown that the most deleteri- 
ous effects of hypertension occur in cerebral, 
renal and coronary vascular beds, it seems wise 
to evaluate these circulatory regions in relation 
to the effect of anti-hypertensive drugs. Reports 
of the hemodynamic effects of Hydralazine* on 
the renal (1-3) and cerebral (4, 5) circulations 
are already available, but comparable information 
is lacking in relation to the coronary circulation. 
Observations concerning coronary flow after the 
administration of Hydralazine are particularly 
desirable since it is known to precipitate angina 
The current re- 


pectoris in some patients (6). 
port concerns an investigation of the cardiovascu- 
lar hemodynamic effects of Hydralazine in sub- 
jects with arterial hypertension. 


MATERIAL AND METHOD 


Eleven hypertensive subjects from general medical 
wards were studied. Five of these subjects served as 
controls with determination of the various cardiac func- 
tions before and after administration of 1 cc. of saline 
solution. 

Six served as experimental subjects with the same de- 
terminations made before and after Hydralazine. The 
determination of hemodynamic functions in this study 
was by the usual methods and has been reported previ- 
ously from this laboratory (7). The determination of 
coronary blood flow was by the nitrous oxide saturation 
method (8). In each patient, cardiac output was deter- 


1 This work was supported in part by grants from the 
National Heart Institute, United States Public Health 
Service, the Wisconsin Alumni Research Foundation, 
and the Wisconsin Heart Association. 

2 This work was done during the tenure of a Research 
Fellowship of the American Heart Association. 

8 This work was done during the tenure of a Research 
Fellowship of the Wisconsin Heart Association. 

* Hydralazine was supplied by Ciba Pharmaceutical 
Products, Inc., Summit, N. J. 


mined by the Fick principle. The catheter was then 
withdrawn from the pulmonary artery and placed in the 
coronary sinus for coronary blood flow determination. 
Approximately one-half hour after administration of 
either Hydralazine or saline through the cardiac catheter 
coronary blood flow determination was repeated. The 
catheter was then placed in the pulmonary artery and 
cardiac output was again determined. Thus each pa- 
tient served as his own control, and the five patients 
who received the saline placebo served as controls for 
the method and procedure. 


RESULTS 


The results are seen in Table I. Significant 
changes occurred in the placebo (saline) group in 
only two of the determinations made. One was 
a slight fall in the body respiratory quotient and 
the other a slight fall in the mixed venous oxygen 
content. The reason for these two changes is not 
apparent, but it is of interest that their significance 
depends upon the consistency rather than the mag- 
nitude of change. 

After administration of Hydralazine, hemody- 
namic changes occurred similar to those already 
reported by others (1, 3) and by this laboratory 
(7). These changes included an increase in 
heart rate, a fall in systemic blood pressure and 
peripheral arterial resistance, a decreased arterial 
and mixed venous carbon dioxide content, and a 
smaller arteriovenous carbon dioxide difference. 
The change in cardiac index in this series was 
variable, as has already been reported (7), but 
the mean average tended to increase following 
Hydralazine administration. Total body carbon 
dioxide production and oxygen consumption were 
unchanged and the respiratory quotient was con- 
stant. The hemodynamic data concerning these 
five patients were reported previously exclusive of 
the coronary metabolic data (7). Hydralazine 
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produced an increase in coronary blood flow in 
five out of six subjects, the over-all increase being 
34 per cent. Simultaneously, with the decrease in 
perfusion pressure, there was a fall in coronary 
vascular resistance (— 35 per cent). The in- 
creased coronary blood flow was accompanied by 
a decrease in the arterial-coronary sinus oxygen 
difference, such that left ventricular oxygen utili- 
zation was unchanged. 


DISCUSSION 


This study reveals that Hydralazine decreases 
coronary vascular resistance to such a degree that 
an increase in flow occurs in spite of the reduced 
perfusion pressure. Simultaneously, the arterio- 
venous oxygen difference across the myocardium 
narrows so that the left ventricular oxygen con- 
sumption per 100 g. remains unchanged. It was 
noted previously that the blood carbon dioxide 
levels were altered by the administration of Hy- 
dralazine (7), and these observations show that 
the changes are extended to the coronary circula- 
tion where a significant fall in coronary sinus 
carbon dioxide level occurs. These were corre- 
lated previously with an increase in minute volume 
of respiration and a decrease in oxygen consump- 
tion per liter of ventilation. Similar changes oc- 
curred in this series but were not significant, prob- 
ably because this group is smaller than the previ- 
ous series. 

The reason for the precipitation of angina by 
Hydralazine is not apparent from this study. In 
four out of five subjects the coronary blood flow 
per kg. meter of left ventricular work rose. Al- 
though no clear relationship is noted here between 
left ventricular work and oxygen consumption it 
is interesting that in all but one subject the num- 
ber of cc. of available oxygen per kg. meter of 
left ventricular work [(Art. O, X CBF) + L.V. 
Work] increased after Hydralazine. In confirma- 
tion of these ratios the coronary sinus blood oxy- 
gen content rose in each instance and therefore 
the myocardial oxygen tension must have been 

higher after Hydralazine than it was before. Four 
out of five patients eliminated more CO, from the 
heart per kg. meter of left ventricular work after 
Hydralazine but it cannot be stated definitely 
whether this was due to the falling level of CO, 
in the blood and heart. In view of these findings 
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it may be speculated that angina is precipitated 
only in those patients who have a fixed coronary 
vascular resistance, which cannot compensate for 
the decrease in perfusion pressure and therefore 
have a reduction in coronary flow. We did not 
observe such a response in this series. The pos- 
sibility also exists that Hydralazine specifically 
alters myocardial oxidative metabolism so that 
available oxygen is not utilized and angina is 
precipitated by a metabolic block. 


SUMMARY AND CONCLUSIONS 


1. Coronary blood flow and myocardial oxygen 
metabolism have been studied in eleven hyper- 
tensive subjects. 

2. Compared with the five placebo studies, there 
were in the six Hydralazine studies statistically 
significant changes in that coronary blood flow 
increased by 34 per cent, coronary vascular re- 
sistance decreased by 35 per cent, and the arterial- 
coronary sinus oxygen difference decreased by 
27 per cent due to an 81 per cent increase in the 
coronary sinus oxygen content. 

3. The cardiac metabolic rate for oxygen re- 
mained unchanged. 
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1 Body surface area in square meters. ® Arterial-mixed venous Os difference in cc. per 100 cc. 
2 Systemic arterial blood pressure mean in mm. Hg. 1% Coronary sinus O: content in vol. per 100 cc, 
* Pulmonary arterial blood pressure mean in mm. Hg. ll Arterial-coronary sinus O: difference i “9 vol. per 100 cc. 
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Syst.? PA? 
BP BP Min. Os Art.” AArt." Art.12 
Ht. Wt. SA! mean mean vol. cons. cons./ On CSO: CO: 
in in in Card. mm. mm. resp. L. Vol. ob. ‘ol. Vol. Vol, 
Patient Age Sex cm. kg. M? rate He Hg | a min. vent. % % % % % % 
T.O. 35 M 168 87 2.0 83 125 z 
82 142 
c. s. 31 M 168 70 18 81 129 7 
81 132 6 ; 
H. J. 45 M 170 59 1.7 89 162 17 
84 166 19 
H. P. 46M 171 7s. 49 65 154 16 
69 158 13 
G. D. 19 83 128 14 
79 139 14 
ist ave. 43 80 140 14 6.4 14.3 12.1 46.1 
SDt 39 +19 +4 | +1.8 +1.6 +3.7 
2nd ave. 79 147 14 6.6 18.8 13.7 12.0 44.5 
SDt +6 +14 +5 +#1.7 +2.2 +1.8 +3.4 
Change +7 0 +0.2 -0.1 -0.6 —-0.1 —-1.6 
% Change -1% +5% 0 +3% -1% -5% -1% —3% 
P value <0.05 
H. J. 31 M 176 7% 19 92 119 6 43.0 
128 117 30.1 
a i 47 M 173 79 1.9 78 136 14 45.3 
98 128 il 39.7 
A. R. 63 +*F 166 73 18 85 128 12 36.8 
87 75 12 33.1 ' ; 
J.P. 32. «OF 166 S7 16 100 168 4 44.7 
102 105 7 39.7 
jJ.V. 62 M 160 91 1.9 63 120 _— 38.5 
75 109 _ 36.2 
8 
6 45.9 
42.1 +1.7 +04 +1.0 +2.0 +4.8 
S.D.t 424 220 306 +2.6 +3.8 +4.3 
Change —-3.8 —4.1 
% Change —27% -10% 
P value <0.01 <0.01 


l-HYDRAZINOPHTHALAZINE AND CORONARY BLOOD FLOW 


TABLE I 


Time” 


venous venous CS Drug*® Drug from 
CO: CO: Total’ Total? dose in drug 
Vol, Vol. Vol. prod./ Cardiac’ periph. pulm. L.V.% R.V.% blood CMR* in mg./ to  Body™ 
% % % % min, index resist. resist. work work flow O: C.V.R.S mg. kg. study RQ. 


. 45.5 4.1 52.3 10.9 245 3.8 1330 155 

45.8 4.3 52.2 10.7 217 2.6 2187 262 

:, 46.1 3.2 50.6 7.7 179 2.9 1989 114 
ee 44.9 2.6 50.0 7.7 163 2.5 2370 99 
7 52.6 4.1 57.3 8.8 197 2.7 2853 293 
51.5 5.1 56.6 10.2 195 2.3 3384 386 

53.0 3.0 58.3 8.3 220 3.2 1990 219 

53.1 3.6 56.9 74 216 3.1 2161 174 

51.5 3.9 58.5 10.9 280 2.6 2042 222 

47.8 5.0 57.9 15.1 274 3.1 1862 194 


49.7 3.7 55.4 3.7 224 3.0 2041 201 
+36 +05 +2. +0.4 +40 +05 +541 +60 
48.6 41 54.7 4.1 213 2.7 2393 223 
+36 +34 +1. +41 +04 +583 +108 
—1.1 +04 -0.7 +04 —0.3 +352 +22 
—2% +11% -1% +11% -10% +17% +11% 


z 45.7 2.7 45.2 2.2 313 3.3 1554 83 
> 40.7 1.6 43.3 4.2 221 6.0 823 60 
: 48.1 2.8 52.6 7.3 200 3.1 1826 189 
41.5 1.8 45.0 5.3 207 46 1147 96 
38.7 19 43.5 6.7 143 2.8 2015 187 
: 35.8 2.7 43.8 10.7 159 2.8 1189 184 
48.4 3.7 55.8 1 166 2.7 3077 81 
42.8 3.1 48.3 179 2.6 2021 131 


un 

Ae 


Part I—Control series 


Part I1—Hydralazine series 


12.8 1.5 67 8.8 1.9 Saline — _— 0.78 
10.0 1.2 62 8.4 32 0.76 
9.1 0.5 72 8.1 1.8 Saline — _ 0.79 
8.0 0.3 63 94 21 _ 24 0.78 
10.0 1.0 81 9.3 21 Saline — _— 0.84 
8.9 1.0 90 11.1 1.9 — 23 0.79 
12.0 i3 65 6.7 2.2 Saline — _ 0.76 
12.5 1.0 69 6.5 2A —_ 23 0.74 
8.7 1.0 49 6.9 2.6 Saline — _ 1.11 
11.2 1,2 50 6.7 2.2 _ 0.99 
10.5 67 8.0 2A _ 0.86 
+18 +04 +14 +1.1 +0.3 — +0.14 
10.1 0.9 67 8.4 2.2 0.81 
+18 +04 +15 +1.9 +0.3 +0.10 
--0.2 0 +0.4 +0.1 —0.05 

0% +5% +5% —- — -6 
<0.01 


9.9 0.5 70 10.0 1.7 19 =0.25 30 1.16 
17.9 1.3 110 9.8 1.0 0.63 
11.0 1.1 76 9.7 1.8 20 0.25 30 0.71 
15.5 1.3 118 8.0 1.0 — 0.68 

8.8 0.8 79 8.6 1.6 18 0.25 30 0.62 

5.1 0.8 71 6.8 1.2 - ~_ 0.77 

9.9 0.3 119 18.7 1.4 14 O25 32 0.73 

6.0 0.4 167 18.7 0.6 _ _ _ 0.92 

9A 2.1 
7.8 1.5 
4.1 1.6 
6.2 11 


0.79 
+0.21 


0.74 
+0.11 


-49 -04 409 -14 +408 -710 —41 404 +401 +28 -05 -06 — — =0,05 
-14%  -8% +9% +27% -26% +4% +14%  +34% -5% -35% — — 
<0.01 02 <6.5 <06 <03 <0.01 <03 — <04 <005 <001 — — — <08 


16 Arterial-coronary sinus CO: difference in vol. per 100 cc. 

17 CO: produced in cc. per minute. 

" 18 Cardiac index in litres per sq. meter body surface area per min. 
19 Total systemic arterial resistance in dynes per cm.~*/sec. 

2% Total pulmonary arterial resistance in dynes per cm. -8/sec. 

21 Left ventricular work in kg. meters per min. 

Right ventricular work in kg. meters per min. 


search, 26th annual meeting. J. Lab. & Clin. Med., 

1953, 42, 797. 

6. Wilkins, R. W., Combination of drugs in the treat- 
ment of essential hypertension. Mississippi Doctor, 
1953, 30, 359. 

7. Rowe, G. G., Huston, J. H., Maxwell, G. M., Crosley, 
A. P., Jr., and Crumpton, C. W., Hemodynamic 

effects of 1-hydrazinophthalazine in patients with 


* Coronary blood flow in cc. per 100 i. myocardium per min. 
% Cardiac O: utilization per 100 gm. min. 

% Coronary vascular resistance (MABP + cor. blood flow). 

% Hydralazine dose given through cardiac cath. 

2” Hydralazine dose in mgm. per kg. body weight. 

% Body respiratory quotient. 

t Standard deviation from the mean. 


1955, 34, 


J. Clin. Invest., 


arterial hypertension. 
115. 


8. Bing, R. J., Hammond, M. M., Handelsman, J. C., 
Powers, S. R., Spencer, F. C., Eckenhoff, J. E., 
Goodale, W. T., Hafkenschiel, J. H., and Kety, 
S. S., The measurement of coronary blood flow, 
oxygen consumption, and efficiency of the left 
ventricle in man. Am. Heart J., 1949, 38, 1. 
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Mixed" _AArt.4 AArt.16 
53.5 3.5 145 3.2 2685 160 
49.1 3.2 129 2.9 2427 123 So 
46.9 2.9 51.2 9.3 193 3.0 2231 160 99 0.7 1.7 
+2.0 +6.2 +1.5 +71 +03 +631 +46 +03 +22 340 
42.0 2.5 46.6 10.2 179 3.8 1521 193 12-112 1.1 16 0.23 31 
40.7 +443 431 +37 +15 4672 +446 459 +405 437 +50 +03 


THE DISTRIBUTION OF CHOLESTEROL AND TOTAL LIPIDS 
IN THE NEPHROTIC RAT? 
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San Francisco, Calif.) 
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The “clinical” manifestations (1) and patho- 
logical renal changes (1, 2) induced in rats by in- 
jection of rabbit anti-rat kidney serum are suffi- 
ciently similar to those observed in the human 
subject suffering from the nephrotic syndrome 
that perhaps a clear understanding of the experi- 
mental disorder might elucidate some of the puz- 
zling aspects of its human counterpart, particu- 
larly the cholesterol and other lipid derangements 
so frequently observed in this disorder. 

Previously, in various studies concerning cho- 
lesterol and lipid metabolism in the experimental 
nephrotic syndrome in rats, it was found that the 
characteristic hypercholesteremia observed in this 
disorder was of endogenous origin (3) and that 
it did not arise from an increased rate of choles- 
terol synthesis or discharge into the plasma by the 
liver (4) nor did it arise from any intrinsic fail- 
ure within the liver to convert cholesterol into 
cholate (4). Subsequent studies also revealed 
that the hypercholesteremia was not due to either 
an increase in the rate of intestinal absorption (5) 
of cholesterol nor to a decrease in the rate of in- 
testinal excretion of cholesterol (6). 

This observed essential normality in the experi- 
mental nephrotic state of those processes concerned 
with the intestinal absorption and excretion of 
cholesterol as well as those concerned with the 
hepatic synthesis and conversion of cholesterol to 
cholate, of course, suggests that the hypercho- 
lesteremia occurring in this disorder is due to 
some failure in the transfer of cholesterol from 
the blood itself to the liver (3, 7, 8). If this last 
mechanism is responsible, then the nephrotic ani- 
mal should exhibit an excess of cholesterol only 
in his blood and not in any other tissue or organ. 
The results of the present study suggest that in- 
deed an excess of cholesterol accumulates only in 


1 Aided by grant A-46 from the National Institute of 
Arthritis and Metabolic Diseases of the National In- 
stitutes of Health, Public Health Service. 


the plasma of the nephrotic, hypercholesteremic 
rat. 


METHODS 


A series of adult male rats was made nephrotic by in- 
jecting each with one ml. of potent rabbit anti-rat kid- 
ney serum (1). Five days later, 14 nephrotic and 5 
control rats were sacrificed and each rat was completely 
bled from the aorta for determination of plasma total 
cholesterol (9) and total lipids (10). The thoracic 
aorta then was cannulated and the viscera thoroughly 
perfused with isotonic saline solution to remove as much 
blood as possible, the excess fluid being removed via 
the inferior vena cava. The liver of each rat then was 
removed and analyzed for its content of cholesterol and 
total lipids. In each instance, similar analysis was per- 
formed upon the combined extrahepatic, saline-washed 
organs of the peritoneal and thoracic cavities (intestines, 
kidneys, adrenals, testes, heart, lungs, spleen). The in- 
testines were opened and thoroughly washed to remove 
fecal material. 

Immediately after removal from the rat the tissues 
from each animal were weighed and refluxed with 100 
ml. of a 1:3 mixture of anhydrous ether-absolute ethanol 
for an hour, then cut into small pieces with a long handled 
scissors without removing the organs from the reflux 
flask. Extraction was then resumed for an additional 
five hours, after which the extract was filtered into a 
volumetric flask and the organ residue and filter paper 
refluxed a second time for three hours with 75 ml. of 
the same solvent mixture. The extract was filtered into 
the volumetric flask and the residue extracted a third 
time by refluxing for six hours with 75 ml. of chloro- 
form. The chloroform then was added to the volumetric 
flask and the residue extracted a fourth time with 60 ml. 
of chloroform. After filtration and addition of this final 
extract to the volumetric flask, the residue and all glass- 
ware were washed with hot 1:3 alcohol-ether. The 
combined extracts and washings were made up to vol- 
ume. Aliquots of appropriate size were removed, placed 
in 25 ml. volumetric flasks and evaporated to dryness at 
60°C. under nitrogen. The dry lipids were then esti- 
mated by the chromic acid oxidation procedure of Brag- 
don (10). 

Total cholesterol was determined upon aliquots of the 
combined extracts and washings by evaporating at 75°C. 
until the odor of chloroform was no longer detectable. 
At this stage, about 1 ml. of fluid remained. To this 
fluid an equal volume of acetone was added, together 
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with an additional 2 ml. of 1:1 ethanol-acetone mixture. 
The solution was hydrolyzed by adding 10 drops of 50 
per cent aqueous KOH and heating to 40°C. for 40 min- 
utes in an air bath. After cooling, the hydrolysate was 
made neutral to phenolphthalein by titrating with 10 per 
cent acetic acid, and an additional drop of acetic acid was 
added in excess. The solution was filtered and the glass- 
ware and residue on the filter paper washed twice with 
- 3 ml. of 1:1 alcohol-acetone. Total cholesterol was de- 
termined on the combined filtrate and washings by pre- 
cipitation with digitonin and assay as previously de- 
scribed (9). 


RESULTS 


Marked hyperlipemia and hypercholesteremia 
were observed in the nephrotic rats, as shown in 
Table I. Analyses of their livers indicated that 
the contents of cholesterol as well as of total lipids 
were essentially the same as those observed in the 
control rats. Thus, the livers of the nephrotic rats 
contained an average of 0.323 gm. (Range: 0.266 
to 0.455) of total lipids and 19.0 mg. (Range: 12.8 
to 23.0) of cholesterol, whereas the livers of the 
control rats had an average content of total lipids 
of 0.315 gm. (Range: 0.282 to 0.347) and of total 
cholesterol, 17.4 mg. (Range: 14.0 to 19.5). Sta- 
tistical analysis shows that these differences are 
not significant. The combined extrahepatic vis- 
cera of the nephrotic rats contained an average of 
0.675 gm. (Range: 0.365 to 1.1) of total lipids 
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and 32.9 mg. (Range: 28.0 to 36.5 mg.) of cho- 
lesterol. These values in the control rats were, 
respectively, 1.002 gm. of total lipids (Range: 
0.775 to 1.170) and 36.2 mg. (Range: 32 to 43.0) 
of cholesterol. Statistical analysis again reveals 
these differences to be slight in regard to the total 
lipid content and insignificant for the total cho- 
lesterol content. 


DISCUSSION 


The inability in the present experiments to de- 
tect any significant deviation from normal in the 
cholesterol content of the nephrotic rat’s liver 
suggests that the hypercholesteremia observed 
in the nephrotic state is not initiated by any change 
in rate of hepatic conversion or destruction of 
cholesterol. Thus, if there were a decreased he- 
patic destruction of cholesterol with a consequent 
“piling up ” in the plasma, an increased cholesterol 
content might be expected in the liver. Further- 
more, the failure to detect any significant change 
in the cholesterol content of the various viscera of 
the nephrotic rat suggests that none of these or- 
gans plays a provocative role in the pathogenesis 
of nephrotic hypercholesteremia. 

In previous studies it was found that the en- 
dogenous hypercholesteremia of the nephrotic rat 
(3) cannot be ascribed either to an increased he- 


TABLE I 
Distribution of cholesterol and total lipids in nephrotic rats 


Type of rat 


Nephrotic Control 


Number of rats 
Average weight (gm.) 


Total lipids 


Plasma (gm./100 ml.) 

Liver: Wet wt. (gm.) 
Conc. (gm./100 gm.) 
Content (gm.) 


Viscera :* Wet wt. (gm.) 


1.559 (0.730-3.960)t 
8.80 (6.99-9.71) 
3.240 (3.020-3.700) +0.09t 
0.323 (0.266-0.455) +0.016 


16.0 (13.7-17.2) 


14 


5 
202 195 


0.315 (0.220-0.420) 

7.85 (6.82-8.89) 
4.017 (3.925-4.125)+0.47 
0.315 (0.282-0.347) +0.15 


16.9 (14.7-18.6) 


Conc. (gm./100 gm.) 
Content (gm.) 


6.017 (4.500—7.250) +0.66 


4.258 +0.55 
1.002 (0.775-1.170) +0,096 


0.675 (0.365-1.100) +0.08 


Total cholesterol 
Plasma (mg./100 ml.) 
Liver: Conc. (mg./100 gm.) 
Content (mg.) 


Viscera :* Conc. (mg./100 gm.) 
Content (mg.) 


451 (289-489) 51 (44-63) 
228 222 (207-238) +7.3 
19.0 (12.8-23.0) +0.9 17.4 (14.0-19,5)+1.4 


216 +12.3 
36.2 (32.0-43.0)+2.8 


207 75-235) +6.2 


32.9 (28.0-36.5) +0.9 


* Myocardium, lungs, spleen, kidneys, adrenals, testes, intestinal wall. 
t Range of values. 
¢ Standard error of the mean. 


. 
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patic synthesis of cholesterol or decreased con- 
version to cholate (4), or to an increased intestinal 
absorption (5) or decreased intestinal excretion 
of cholesterol (6). The present data show that 
the elevated cholesterol level of the nephrotic rat 
is confined to the plasma. These results suggest 
that, similar to other hypercholesteremic disorders, 
biliary obstruction (11, 12), dietary hypercho- 
lesteremia in the rabbit (13) and detergent-in- 
duced hypercholesteremia (14), nephrotic hy- 
percholesteremia appears to be due to some fail- 
ure in the normal process by which cholesterol 
leaves the blood and enters the hepatic parenchy- 
mal cell. This is in accord with an earlier finding 
(3) that cholesterol feeding in nephrotic rats 
leads to a further retention of the absorbed cho- 
lesterol in the plasma. Whether this apparent 
“trapping” and accumulation of cholesterol within 
and only within the plasma is due to some intrinsic 
physico-chemical change occurring between it and 
various plasma constituents (7, 8) or whether it 
is due to some failure in the cholesterol transfer 
mechanism existing between hepatic parenchymal 
cell and the plasma (e.g., the Kupffer cell sys- 


tem [15, 16]) cannot be determined by the pres- 


ent experiments. It seems reasonable to believe, 
however, that the former possibility is the more 
likely, in that the hepatic R-E system is concerned 
primarily with exogenously derived cholesterol 
(15, 16), whereas nephrotic hypercholesteremia 
is of endogenous origin, (3). Whether the ex- 
cess cholate also found in the plasma in the ne- 
phrotic state (17) is partly responsible for the ap- 
parent failure of the normal egress of cholesterol 
from the blood to the liver is not known at the 
present time. 

Finally, the tendency of the total lipid dynamics 
to resemble those of cholesterol alone in the pres- 
ent and in the previous studies (3, 6) suggests 
that a similar retention in the plasma of the ne- 
phrotic animal may account for the rise of other 
lipid fractions. 

The genesis of hyperlipemia and hypercholes- 
teremia in the nephrotic human subject in many 
respects appears similar to that of the nephrotic 
rat. Thus, Stanley and Thannhouser (18) found 
no deficiency in the absorption of neutral fat in a 
nephrotic patient. In a patient with clinical 
nephrosis, London, Sabella, and Yamasaki (19), 
using tracer methods, found that the half-life time 
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of her serum cholesterol was prolonged. More- 
over, Hiller, Linder, Lundsgaard, and Van Slyke 
(20) and Ling and Liu (21) showed that in ne- 
phrosis the body seemed able to metabolize fats 
normally, but unable to remove them from the 
blood. Stanley and Thannhouser (18) adminis- 
tered labelled fat to a nephrotic patient and found 
a much slower than normal rate of utilization, 
Soshea and Farnsworth (22) interpreted their 
data as showing the presence of an increased lipid 
transport pool in nephrotic patients. These find- 
ings again suggest that the fundamental disturb- 
ance in the fat metabolism of nephrotic patients is 
a failure in the transfer of fats, including choles- 
terol, from the blood to the liver or tissue depots. 


SUMMARY 


The distribution of cholesterol and total lipids 
in the liver and extrahepatic viscera was studied 
in nephrotic and control rats. It was found that 
the nephrotic rat has a normal content of cho- 
lesterol and total lipids in its liver and other vis- 
cera, despite the marked isolated elevation of cho- 
lesterol and total lipids in its plasma. 

The significance of these data was discussed in 
relation to other studies of experimental nephrotic 
rats. It was suggested that nephrotic hypercho- 
lesteremia and hyperlipemia result from a failure 
in the normal transfer mechanism of cholesterol 
and other lipids from the plasma to the liver, 
with consequent “trapping” and accumulation only 
within the plasma. 
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THE EFFECTS OF SQUALENE ON THE INCORPORATION OF 
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Squalene is an unsaturated C30 H50 hydro- 
carbon found in the liver of the basking shark, 
and in human sebum and skin. Its relationship to 
cholesterol metabolism was first noted by Chan- 
non (1), who, in 1926, observed an increase in 
the cholesterol content of the livers of rats main- 
tained on a squalene diet. Simultaneously, Heil- 


bron, Kamm, and Owens (2), while studying 
the structure of this material, postulated that 
squalene might be an intermediate in the biosyn- 
thesis of cholesterol. More recently, with the aid 
of radioisotopes, Srere (3) demonstrated a sig- 
nificant decrease in the conversion of C**-acetate 


1This work was supported by U. S. Public Health 
Service Grant A-254(C2) of the National Institute of 
Arthritis and Metabolic Diseases and by the Caming, 
Liebmann and Perlman funds. 

2 This article represents work done in part as a James 
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the thesis requirement for the degree of Doctor of Medi- 
cine at the Yale University School of Medicine. 

3U. S. Public Health Service Postdoctorate Research 
Fellow, National Heart Institute, 1952-1954. At present, 
Postdoctorate Research Fellow of the National Founda- 
tion for Infantile Paralysis. 


to cholesterol in liver slices prepared from rats 
fed 1 per cent squalene. Langdon and Bloch 
(4, 5) confirmed and expanded these studies and 
concluded that since labeled squalene is rapidly 
and efficiently converted to cholesterol, suppres- 
sion of acetate incorporation into this steroid is 
the result of the preferential utilization of squa- 
lene as a cholesterol precursor. 

The present investigation was undertaken to 
elucidate the role of squalene in the synthesis of 
plasma cholesterol from acetate in man. 


MATERIALS AND METHODS 


This study was performed on eight subjects with lim- 
ited life expectancy. All were considered to be in a 
good nutritional state and on the basis of clinical and 
laboratory criteria were free from apparent metabolic 
disturbances. Pertinent data on these patients are listed 
in Table I. 

Two hundred microcuries of sodium acetate-1-C* with 
a specific activity of 1.0 mc per mM were given orally 
in the postabsorptive state to all subjects.4 Patient 


#This was authorized by the Isotopes Division, U. S. 
Atomic Energy Commission. 


TABLE I 
Clinical and laboratory data 


Weight 


Patient kilograms 


Total 
cholesterol 
mg. % 


Free 
cholesterol 
Diagnosis 


65.5 
74.6 


Carcinoma of lung 
Carcinoma of lung 
56 Carcinoma of lung 173 


200 
230 


Before After 


Squalene Squalene 


Carcinoma of breast 70 
Carcinoma of tonsil 49 
Carcinoma of lung 44 


Carcinoma of lung 51 
Functioning carcinoma 50 
of adrenal—removed 
1 month prior to study 
Carcinoma of colon 42 


* Control study—Group B. 
t Repeat study—Group C. 


F. J. 56 55 
A A. M. 45 67 
B. F. 54 45 
H. F. 35 60 76 
B J. M. 62 58 47 
Ag 47 70 50 
a4 47 70 58 
7 25 55.5 49 
Cc 
J.G. 63 | 62.7 46 
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J.R. was used as his own control and received a 
second dose of sodium acetate-1-C“ eight weeks after 
the initial dose. Since approximately 56 per cent of C™ 
given as acetate is eliminated as expired C“O, within the 
first 24 hours (6), it was felt that the radiation resulting 


from the retained isotope was far below the accepted ra- 
diation tolerance level of 0.3 rep per week. 

The subjects were divided into three groups: 

Group A (Pts. F. J., A. M., B. F.) received 200 mi- 
crocuries of sodium acetate-1-C™. 


TABLE II 
Specific activity* of plasma cholesterol 


eds £68 


36 
26 


6 
88 


104 
107 
119 
111 

84 


oO 


* Specific activity = disintegrations per mg. plasma cholesterol. 


F. J. A.M. B. F. 
Time Free Ester Time Free Ester Time Free Ester : ; 
Group A = 
Hours Hours 
1 509 26 —_— 82 1 851 119 me 
2 576 93 1,105 75 2 903 218 
8 420 197 269 8 420 
24 384 249 672 278 24 773 $13 % 
F 40 348 280 605 377 40 498 550 = 
48 337 295 511 406 48 462 436 
54 290 301 480 442 54 457 426 y 
Days Days 
3 258 290 472 467 B 379 384 : 
5 218 259 — —_ 5 337 380 
7 176 208 300 329 : 
; 9 154 180 211 275 
; 13 125 150 13 179 199 
17 112 141 17 150 169 
22 104 125 22 141 159 a 
: 29 109 119 29 130 149 F 
Group B 
H. F. J. M. R. 
| Hours Hours Hours 
1 1,121 52 1 $11 39 1 882 93 
2 1,354 83 2 724 99 Zz 1,012 88 
8 —_ 207 8 402 135 8 633 286 % 
24 721 368 24 312 235 24 436 332 : 
48 477 430 48 222 276 48 363 327 : 
54 _ 430 54 238 260 54 343 374 a 
Days Days Days 
3 456 374 3 220 239 3 358 327 mY 
4 342 370 4 206 206 4 270 301 BY 
5 259 332 5 170 210 a 249 260 ; 
7 228 305 7 135 167 7 197 234 
9 238 270 9 134 151 9 166 239 \ 
‘ 11 202 238 11 110 142 11 156 173 ; 
14 181 215 14 110 121 14 151 161 a 
17 176 155 17 85 109 17 141 154 a 
. 22 150 152 22 80 90 22 140 148 
Group C 
J.R. N.D. J.G. 
Hours Hours 
1 324 a 1 135 118 1 88 13 ? 
2 326 2 176 42 2 129 5 ; 
8 244 a 8 145 304 8 93 26 
24 171 24 104 65 24 73 33 ae 
Days Days Days 
2 145 b 125 78 2 92 96 x 
3 120 3 134 87 3 90 94 
4 115 4 139 91 4 90 99 
7 97 7 69 112 7 84 91 = 
10 75 
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Group B (Pts. H. F., J. M., J. R.) were fed 25 grams 
of squalene per day in divided doses for five days begin- 
ning 72 hours after the administration of 200 microcuries 
of 1-C™ acetate. 

Group C (Pts. J. R., N. D., J. G.) received 25 grams 
of squalene per day in divided doses for five days. On the 
morning of the fourth day of squalene feeding, 200 micro- 
curies of sodium acetate-1-C“ were given as described. 

All subjects were maintained on normal dietary in- 
takes during the course of the investigation. 

Serial blood samples were taken in heparinized syringes 
at measured intervals beginning one hour after the ad- 
ministration of the acetate. In some cases the sampling 
continued for as long as 29 days. The specific activity of 
the plasma C™ cholesterol fractions was determined ac- 
cording to the method of Rosenfeld, Hellman, Considine, 
and Gallagher (7). Radioactive assay was done in a win- 
dowless flow proportional counter. All counts were cor- 
rected for self absorption and by the use of absolute stand- 
ards, converted to disintegrations per minute per mgm. 
cholesterol. The standard error in the net sample meas- 
urement was no greater than 5 per cent. This corre- 
sponded to a 3.4 per cent probable error. Blood for 
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measurements of quantitative plasma cholesterol frac- 
tions was obtained at the beginning of each study and 
analyzed by the method of Man and Peters (8). In the 
two squalene fed groups (B and C) the cholesterol con- 
tent of the plasma was determined at the beginning and 
end of the feeding period. 

The squalene administered in this study was redistilled 
‘natural’ squalene ® emulsified with an equal volume of 
acacia and flavored with spearmint. It was estimated that 
the quantities fed per day comprised approximately 4 
per cent of the daily dietary solids. There were no ill 
effects following the ingestion of this substance. 


RESULTS 


The serial specific activities of the free and es- 
terified plasma C** cholesterol of the control sub- 
jects (Group A) are given in Table IIA. The 
variations in activity of a typical patient (A. M.) 
followed for twenty-nine days are depicted as a 


5 Squalene supplied by Dr. Stanley Ames of Distillation 
Products Industries, Rochester, N. Y. 


SPECIFIC ACTIVITY OF PLASMA CHOLESTEROL 


SUBJECT AM. 


Fic. 1. 


DAYS 


SEMILOGARITHMIC PLOT OF THE INCORPORATION OF CARBON 14 INTO PLASMA FREE 


AND ESTERIFIED CHOLESTEROL FOLLOWING THE ADMINISTRATION OF 200 MicrocuRIES OF ACE- 


TaTE-1-C™ to Susyect A. M. or Group A 
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TABLE III 


Acetate utilization in the biosynthesis of plasma cholesterol 


% in free % in ester % in total 
Patient cholesterol* cholesterolt cholesterol 
0.212 0.0905 0.3025 
A 34B.F. 0.227 0.1600 0.3870 
A.M 0.565 0.0992 0.6640} Groups A and B 
Range: 0.3025 to 0.6930 
H. F. 0.603 0.0931 0.6930} Average % in total circulating plasma cholesterol = 0.4514 
B 0.209 0.0755 0.2845 
0.322 0.0575 0.3775 
{; R. 0.1198 0.0234 0.1428) Group C 
c ys 0.0503 0.0298 0.0798} Range: 0.0376 to 0.1428 
J.G. 0.0342 0.0036 0.0376) Average % in total circulating plasma cholesterol = 0.0867 


* Per cent incorpo-ation of radioactivity into total circulating free cholesterol at two hours. 
t Per cent incorporation of radioactivity into total circulating ester cholesterol at two hours. 


semilogarithmic plot in Figure 1. These curves 
closely resemble those described by Hellman, 
Rosenfeld, and Gallagher (9) using similar tech- 
niques. In this series, the peak activity of the 
plasma free C** cholesterol invariably occurred in 
the two-hour sample. The peak activity for the 
ester C* cholesterol fraction was usually reached 
between two and two and one-half days. At this 
point, the specific activity curve of the ester cho- 
lesterol intersected that of the free cholesterol and 
then diminished at a comparable rate of decay. 

In the Group B subjects who received squalene 
three days after the administration of 1-C™ ace- 
tate, the curves of the serial specific activities of 
the free and esterified plasma cholesterol (Table 
IIB) were essentially identical with those of the 
control group. It should be noted that squalene 
was not introduced until maximum labeling of 
both cholesterol fractions had already occurred 
and at a point where the activities of these steroids 
were decaying in an exponential fashion. 

The most striking results were noted in the 
subjects who had ingested squalene prior to and af- 
ter the administration of radioactive acetate (Table 
IIC). In comparison with Groups A and B, there 
was an average five-fold decrease in the per cent 
of acetate-1-C'* entering the total circulating 
plasma as labeled cholesterol at two hours (Table 
III). This reduction in incorporation varied from 
two to twenty-three-fold. 

In subject J. R. who served as his own control 
(Figure 2) a two and one-half-fold decrease was 
seen at two hours. At the intersects, when the ac- 
tivity of the free cholesterol begins to decay at a 
rate comparable to that of the ester, similar de- 
grees of depression prevailed. 


Patients in Group C, particularly N. D. and J. 
G., exhibited atypical specific activity curves. 
This probably reflects irregularities in squalene 
absorption from the gastrointestinal tract with 
subsequent alterations in size of the squalene pool. 

In four of the six patients who received squal- 
ene, small rises in the total plasma cholesterol were 
seen (Table I). Except for J. R., these results 
are of doubtful significance. However, these find- 
ings are in the same direction as those of Srere 
(3) who observed elevations of total cholesterol 
in the plasma of squalene fed dogs. 


DISCUSSION 


Acetate molecules apparently provide the major 
source of carbon for the synthesis of cholesterol in 
man and animal; however the mechanism by 
which 2 C fragments condense to form cholesterol 
precursors of high molecular weights has only re- 
cently begun to be understood. Although Zabin 
and Bloch (10, 11) showed that carbon atoms 
derived from isovalerate and butyrate were effi- 
ciently incorporated into the sterol nucleus, these 
compounds are not true intermediates since the 
conversion probably took place through the for- 
mation of “active acetate.” The isoprenoid triter- 
pene squalene has been proposed as an intermedi- 
ate of cholesterol (1-3). Langdon and Bloch (4, 
5) isolated radioactive squalene from the tissues 
of squalene fed rats who received C** labeled ace- 
tate. When this tagged substance, which had all 
the biochemical characteristics of natural squalene, 
was fed to rats, it was found to be the most potent 
cholesterol precursor known to date. 

If the absorption data obtained from these ex- 
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periments are applied to our studies (see Appen- 
dix), it can be roughly estimated that about 20 
per cent of the liver cholesterol formed during 
the feeding period was derived from squalene. 
Since squalene has not as yet been isolated from 
the liver of humans, if it exists as an obligatory in- 
termediate, it must occur in very small quantities 
and turn over with great rapidity. Thus in the 
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subjects who were prefed squalene (Group C) the 
two-to twenty-three-fold depression in incorpora- 
tion of acetate to cholesterol may be attributed to 
a dual mechanism. Exogenous squalene probably 
dilutes the “higher intermediate” pool between ace- 
tate and cholesterol thus displacing acetate as a 
source of cholestercl and permitting it to be re- 
routed and utilized along other metabolic path- 
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ways. Moreover the plasma cholesterol rose 
slightly in four of the six subjects receiving squal- 
ene. Since the liver is the major source of plasma 
cholesterol (14) it seems reasonable to assume 
that similar changes occurred in this organ. In- 
deed, both Channon and Srere (1, 3) observed 
considerable increases in the total hepatic choles- 
terol content of squalene fed rats. Squalene, by 
causing a “piling up” of hepatic cholesterol, may 
therefore evoke a homeostatic reduction in choles- 
terol synthesis from all sources (15). 

The lack of appreciable changes in the specific 
activities of carbon cholesterol in the patients 
who comprised Group B can be readily explained. 
Since these subjects received their squalene at a 
time when all of the available radioactive acetate 
had already been assimilated into the cholesterol 
molecule, no depression in peak activities could 
occur. Moreover, the increases in cholesterol 
caused by five days of squalene feeding at the 4 
per cent dose level were insufficient to produce a 
detectable “dilution effect.” The segment of the 


curve that is decaying exponentially (about the 
4th to the 15th day) thus remains unaltered. 


SUMMARY 


The daily administration of 4 per cent squalene 
for five days to three subjects who received so- 
dium acetate-1-C** in the middle of the feeding pe- 
riod resulted in a two- to twenty-three-fold de- 
pression in the synthesis of C** plasma cholesterol 
from this 2 carbon fragment. 

Suppression of acetate incorporation by squal- 
ene feeding is probably the result of dilution of 
the higher intermediate pool between acetate and 
cholesterol. 
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APPENDIX 


An approximation of the quantity of liver cholesterol derived from squalene in man 


Absorption of squalene from GI tract (5) 


Per cent of absorbed squalene going to liver cholesterol (5) 
Total liver cholesterol in man—two cases at necropsy (12) 
Per cent of total liver cholesterol as the free fraction (12) 
Quantity of free cholesterol derived from squalene 


50 per cent or 12.5 gm. 
8 per cent or 1.0 gm. 
ave. 4.04 gm. 

83.8 per cent or 3.38 gm. 
0.84 gm. 


In comparison to dogs, if it is assumed that the delay in appearance of the peak specific ac- 
tivity in the plasma free cholesterol in man is also reflected in the hepatic fraction, then the half 
life of the free cholesterol in the liver of man is approximately twice that found in dogs (13) or 


about 14 hours. 
Thus, the turnover time T = te Xk 


T= 14 hrs. X 1.44= 20 hours 


then per cent turnover per hour = 1/T or 5 per cent; therefore the absolute turnover expressed 
as mg. of free cholesterol of the liver =5 per cent of 3.38 grams or 169 mg. per hr. or 4.06 


grams per day. 
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A STUDY, BY SIMULTANEOUS CLEARANCE TECHNIQUES, OF 
SALICYLATE EXCRETION IN MAN. EFFECT OF ALKA- 


LINIZATION OF THE URINE BY BICARBONATE 
ADMINISTRATION ; EFFECT OF 


PROBENECID * 
By ALEXANDER B. GUTMAN, T. F. YU, anp JONAS H. SIROTA? 


(From the Department of Medicine, The Mount Sinai Hospital, and the Department of Medi- 


In the course of a study of the uricosuric effect 
of salicylate in gouty subjects, and its potentiation 
by bicarbonate administration (1), it became evi- 
dent that interpretation of the findings would re- 
quire further investigation into the processes regu- 
lating salicylate excretion in man. These are ex- 
ceedingly complex, as indicated in recent reviews 
of the subject by Gross and Greenberg (2) and 
P. K. Smith (3). 

According to Kapp and Coburn (4), about 80 
per cent of administered salicylate is recoverable 
as the salicyl radicle in the urine of normal man. 
The remainder is converted in part to gentisic 
acid and a gentisic-salicyluric acid compound. 
Some 20 per cent of the salicyl radicle recovered 
in the urine in man appears as free salicylate, at 
least when salicylate is given orally ; the remainder 
is excreted in conjugated form, combined either 
with glycine to form salicyluric acid (55 to 60 per 
cent) or with glucuronic acid (20 to 25 per cent). 
Salicyl conjugates are not detectable in the blood 
(5). 

Upon administration of sodium bicarbonate, the 
rate of urinary excretion of salicylate is greatly 
enhanced (6-8). With increasing alkalinity of 
the urine, the proportion of free salicylate rises 
from approximately 20 per cent (after oral ad- 
ministration) to 60 to 70 per cent or more of the 
total urinary salicylate (6-8). 

The prevailing view (9) is that, in man, free 
salicylate is filtered at the glomerulus and in part 
reabsorbed in the tubules. A variable proportion 
of the free salicylate, under ordinary circumstances 

1 This work was supported by grants-in-aid from the 
National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health; The Arthritis and Rheu- 
matism Foundation, New York Chapter; and the Ameri- 


can Heart Association. 
2 Present address: San Jose, Calif. 


cine, Columbia University College of Physicians and Surgeons, New York, N. Y.) 


(Submitted for publication December 6, 1954; accepted January 26, 1955) 
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the major proportion, is conjugated in the tubules 
and is then presumably excreted, as salicyl con- 
jugate, by the tubules. Alkalinization of the urine 
by concomitant administration of sodium bicarbo- 
nate is believed to enhance salicylate clearance by 
diminishing reabsorption of salicylate by the 
tubules. 

There appears to be no record in the literature 
of simultaneous renal clearance studies of salicyl- 
ate, inulin, and p-aminohippurate in man. The 
present report summarizes results obtained by 
these techniques, including observations on the 
effect of alkalinization of the urine by concomitant 
intravenous infusion of sodium bicarbonate. The 
effect of probenecid (Benemid®) on salicylate 
clearance was also studied. 


METHODS 


The experiments were conducted in gouty subjects since 
our initial interest was in concomitant changes in urate 
clearance (1). The 14 patients (ages 28 to 54) selected 
for study were in the non-tophaceous stage of the dis- 
order and gave no clinical or laboratory indication of 
overt cardiovascular or renal disease. All had been main- 
tained on a constant diet low in purine and restricted in - 
protein (60 to 75 gm. per day) preceding study and were 
in the morning post-absorptive state at the time of the 
experiment. Urine flow not less than 3 ml. per min. 
(usually 6 to 10 ml. per min.) was maintained throughout 
the period of study by liberal ingestion of water. 

Glomerular filtration rate and renal plasma flow were 
estimated as previously described (10), using standard 
methods (11). Priming and sustaining infusions of inu- 
lin and p-aminohippurate in isotonic saline solution were 
administered intravenously by means of a Bowman infu- 
sion pump at rates calculated to maintain plasma con- 
centrations of 30 mg. per cent and 2 mg. per cent, re- 
spectively. Thirty minutes were allowed for equilibra- 
tion. Three control inulin clearance periods, each of 15 
to 20 minutes’ duration, were first obtained in each sub- 
ject. After the third control clearance period, sodium 
salicylate was administered intravenously to 10 subjects. 
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Patients A. S., J. H., D. R., and A. M. received 4.5 gm. 

in 500 ml. saline solution at a rate of 4 ml. per min. un- 
til the end of the experiment. As this slow rate of infu- 
sion did not always yield satisfactorily sustained plasma 
salicylate levels, the remaining subjects first received a 
priming dose of 3.0 gm. sodium salicylate in 100 ml. saline 
solution at a rate of 8 to 10 ml. per min., then a sustain- 
ing infusion of 2.0 gm. in 500 ml. saline solution at a 
rate of 4 ml. per min. After allowing 20 to 30 minutes 
for equilibration, three 20-minute clearance periods were 
obtained. Then intravenous administration of 7.5 per 
cent sodium bicarbonate was begun and, after allowing 
20 to 30 minutes for equilibration, urine and blood sam- 
ples were collected for three or more additional 20- 
minute periods. Patients A. S., J. H., D. R., and A. M. 
first received 3.75 gm. sodium bicarbonate within 3 to 5 
minutes, followed by infusion of 11.25 gm. more slowly 
over a span of approximately one hour, in combina- 
tion with the sustaining solution of sodium salicylate. 
Patients H. G., S. L., L. C.,, J. S, B. R. and H. W. 
were first given 11.25 gm. sodium bicarbonate by rapid 
injection (12 to 15 minutes), then 3.75 gm. (in Case 
H. W., 7.5 gm.) sodium bicarbonate more slowly over a 
period of one hour, in each instance together with the 
sustaining solution of sodium salicylate. 

Urine samples were secured by means of an in-dwelling 
catheter and at the end of each clearance period the 
bladder was emptied completely after washing with 20 
ml. saline solution. Blood samples were drawn at the 
mid-points of the first and third collection periods during 
the control, salicylate, and salicylate and bicarbonate in- 
fusions. Representative plasma concentrations of inulin, 
p-aminohippurate and total salicylate for each clear- 
ance period were obtained by plotting the concentrations 
in the samples semi-logarithmically against time and ex- 
trapolating back 2.5 minutes (approximate urine delay 
time) from the mid-time of each urine collection period. 

In four additional subjects the clearance studies were 
performed in the same way except that, instead of bi- 
carbonate, probenecid (20 mg. of the sodium salt per kg. 
body weight) was infused at the end of the third salicyl- 
ate clearance period. 

Inulin in plasma and urine was determined by the 
method of Schreiner (12), p-aminohippurate by the 
method of Smith, Finkelstein, Aliminosa, Crawford, and 
Graber (13). The pH of the urine was measured at the 
bedside, immediately after delivery, by a Cambridge glass 
electrode pH meter. Salicylate was determined by the 
method of Brodie, Udenfriend, and Coburn (5) in 
plasma, plasma ultrafiltrate, urine before hydrolysis 
(“free” urinary salicylate) and after acid hydrolysis 
(“total” urinary salicylate). Hydrolysis was performed 
as described by Williams and Leonards (7), autoclaving 
1 to 2 ml. diluted urine with 0.5 ml. 6N HCl for three 
hours at a pressure of 20 Ibs. per sq. inch. In the case 
of “free” salicylate, the values are too high because of the 
presence and chromogenicity of salicyluric acid, which 
gives 35 per cent as much color with the ferric nitrate 
reagent as salicylic acid; the glucuronide is not chromo- 
genic (5). No correction (6, 8) was attempted, how- 
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ever, because under the conditions of the acute experi- 
ments most of the salicyl radicle (except in Case A. M.) 
was excreted in the form of unconjugated salicylate even 
before sodium bicarbonate was administered. 

Ultrafiltration of the plasma salicylate was carried out 
by means of a Simms-Sanders “surge” apparatus (14). 
The concentration of ultrafiltrable salicylate in plasma 
was expressed in terms of plasma water by use of the 
formula of McLean and Hastings (15), a serum protein 
concentration of 6 gm. per cent being assumed. 

In calculating “free” salicylate clearances, urinary ex- 
cretion of “free” salicylate (UV) was represented by 
mg. “free” salicylate excreted per minute, as determined 
in unhydrolyzed urine; plasma concentration (P) was 
expressed as mg. salicylate per ml. plasma ultrafiltrate. 
For “total”salicylate “clearances,” UV values were rep- 
resented by mg. “total” salicylate excreted per minute, as 
determined in hydrolyzed urine. P values were again 
represented by mg. salicylate per ml. plasma ultrafiltrate 
since the plasma concentrations of salicyl conjugates are 
too low for precise measurement by available techniques. 
Excretion of gentisic acid and related degradation prod- 
ucts was not considered in calculating salicylate clearance 
because there is no evidence that these substances are 
formed in the kidney. 


RESULTS 


Total and ultrafiltrable plasma salicylate levels 
(Table I) 


Sodium salicylate was infused at a rate suffi- 
cient to maintain plasma salicylate levels above 
15 mg. per cent in most experiments. The marked 
fall in plasma salicylate concentration which ordi- 
narily occurs when the salicylate clearance is in- 
creased by administration of an alkalinizing agent 
(16) is masked under the conditions of these ex- 
periments by the continued infusion of sodium 
salicylate. The changes in plasma total salicylate 
(Pg) recorded in Table I therefore simply reflect 
the rate of salicylate injection. 

Most of the salicylate present in plasma is known 
to be bound to plasma proteins (6, 7, 17-20), 
hence is not filtered at the glomerulus. The re- 
sults of 50 plasma ultrafiltrations carried out in 
the course of this study are summarized in Figure 
1. The linear distribution of points indicates that 
the ratio of ultrafiltrable plasma salicylate to total 
plasma salicylate is relatively constant, 30 + 10 per 
cent (mean 34 per cent) in terms of plasma water, 
over the range 2.0 to 35 mg. per cent total plasma 
salicylate. At levels above this the curve swings 
sharply upward, as described by previous investi- 
gators (6, 7, 19), and as suggested by the one 
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PLASMA ULTRAFILTRATE SALICYLATE MG & 


30-354 


PLASMA SALICYLATE 
ue % 


RELATION OF PLASMA ULTRAFILTRATE SALICYL- 
ATE TO PLASMA ToTAL SALICYLATE 
All concentrations are expressed in terms of plasma 
water. Solid dots represent values obtained when so- 
dium salicylate alone was infused, hollow dots when so- 
dium salicylate and sodium bicarbonate were infused 
concurrently. 


Fic. 1. 


point in this range in Figure 1. At such high 
plasma salicylate levels the capacity of the plasma 
proteins to bind salicylate apparently is exceeded 
and the excess circulates as free salicylate. 

Administration of sodium bicarbonate does not 
affect the ultrafiltrability of the plasma salicylate 
(7), as shown in Figure 1. 


Effect of salicylate on glomerular filtration rate 
and renal plasma flow (Table I) 


Cj, in the control period was within the normal 
limits of variation except for somewhat lowered 
values in Cases H. W., A. S., H. G., and J. S. 
(Table I). The mean C;, of the control periods 
was 109 ml. per min. Infusion of sodium salicyl- 
ate alone or combined with sodium bicarbonate 
did not cause any consistent change, the mean Cy, 
of these periods being 112 and 116 ml. per min., 
respectively. Cpan also showed no consistent 
change in the salicylate and salicylate + NaHCO, 
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periods, the means being 490 ml. per min. in the 
control period and 493 and 535 ml. per min., re- 
spectively, in the two experimental periods. 


Salicylate clearance; effect of sodium bicarbonate 
infusion (Table I) 


The “free” salicylate clearance ranged from 8.3 
to 62.7 ml. per min. (mean 29.7 ml. per min.), the 
“total” salicylate “clearance” from 18 to 79 ml. 
per min. (mean 44.2 ml. per min.). Low salicyl- 
ate clearance values occurred in association with 
the more acid urinary pH levels. 

Upon infusion of sodium bicarbonate, the “free” 
and “total” salicylate clearance invariably rose. 
In those clearance periods in which the urine pH 
exceeded 7.0, the range in “free” salicylate clear- 
ance was 49.8 to 195 ml. per min. (mean 100 ml. 
per min.), that of “total” salicylate “clearance” 
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Fic. 2. RELATION OF SALICYLATE/INULIN CLEARANCE 
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OF THE URINE By SoptuM BICARBONATE INFUSION 
Solid dots represent “free” salicylate, hollow dots 
“total” salicylate. 


| 
| 
ot 
ot 
° 
5 
a 
2.00 
° 
1.80 e° 
1.60 
| 
| 
° 
| e 
So ° 3 
0° 
° 
| 
| | 
e 
| o, 8 
| 
& 
° 
e 
eee 
{ 


716 


was 49 to 191 ml. per min. (mean 113 ml. 
per min.). Alkalinization of the urine by infu- 
sion of sodium bicarbonate effected an approxi- 
mately three-fold mean rise in salicylate clearance. 

The mean ratio of “free” to “total” salicylate 
excreted in the urine rose from 0.71 to 0.91 when 
the urine was alkalinized by infusion of sodium 
bicarbonate. The initial ratio, 0.71, was consider- 
ably higher than the ratio of approximately 0.25 
observed after oral administration of salicylate. 
This high initial ratio is ascribed to the sustained 
intravenous infusion of sodium salicylate at a 
rate rapid enough to maintain high plasma salicyl- 
ate levels and UV values, and presumably in ex- 
cess of the rate and capacity of tubular conjuga- 
tion; and the fact that the initial urine pH ex- 
ceeded 6.0 in most instances (Table I). 

The clearance ratios, $/Cin and Ctotar” 
Cin, Show the same general trends as the salicylate 
clearance, since Cy, did not change consistently. 
Figure 2 brings out more clearly the effect of al- 
kalinization of the urine upon “free” and “total” 
salicylate clearance in relation to the inulin clear- 
ance. The “free” salicylate/inulin clearance ratio 
exceeded 1.0 in 11 of 15 observations at urinary 
pH levels above 7.5; in 3 of 12 observations at 
urinary pH levels of 7.0 to 7.5; and only once in 
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34 observations at urinary pH levels below 7.0. 
A clearance ratio equal to or greater than 1.0 was 
obtained in at least one salicylate + bicarbonate 
collection period in six of eight patients whose 
urinary pH was brought to levels exceeding 7.3. 


Effect of sodium bicarbonate infusion on “net” 
tubular reabsorption of “free” salicylate 


Table I includes a recalculation of the clearance 
data to indicate the “net” tubular reabsorption of 
“free” salicylate (filtered load minus UV) at dif- 
ferent levels of plasma salicylate, and the effect of 
alkalinization of the urine upon this quantity. 
These relationships are brought out more clearly 
in Figure 3 in which the data in individual cases 
are plotted as lines connecting points representing 
“net” tubular reabsorption of “free” salicylate be- 
fore and after infusion of sodium bicarbonate. In 
the few cases with initial urine pH below 6.0, 
more than 90 per cent of the filtered “free” salicyl- 
ate is reabsorbed. As the urine pH rises the “net” 
tubular reabsorption declines, very sharply as the 
range of alkalinity is approached and reached. 
At urine pH levels in excess of 7.5, negative values 
are obtained, reflecting accumulation utilizing the 
energy of a pH gradient and/or tubular excre- 
tion of “free” salicylate. 


% FREE SALICYLATE rurerep uv / 


ber corresponding to the case number in Table I. 


65 tO TS 
URINE eH 
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Effect of probenecid on salicylate clearance 


5.42-6.46 
5.72-6.45 
6.61-6.84 


Infusion of probenecid depressed urinary excre- 
tion of “total” and “free” salicylate in each of the 
four patients studied (Table II). The mean fall 
in salicylate/inulin clearance ratios was 33 per 
cent for “total” salicylate and 40 per cent in the 
case of “free” salicylate. These declines occurred 
despite a slight increase in pH of the urine. In 
accord with previous findings (10), Cpan was de- 
pressed, from 498 to 380 ml. per min. and from 
495 to 355 ml. per min. in the two cases studied 
(Table II). Cyn is not significantly affected by 
probenecid (10). 


The data have not been corrected to 


“Total” salicylate 


DISCUSSION 


In the present study, standard simultaneous 
clearance techniques for the measurement of dis- 
crete renal functions were applied to the renal ex- 
cretion of salicylate in an attempt to assess the 
relative importance of each phase of a complex 
four-phase system involving filtration at the glo- 
merulus, tubular reabsorption, tubular conjuga- 
tion, and tubular excretion. There are additional 
excretory processes implicating extra-renal oxi- 
dation of salicylate to gentisic acid and related 
compounds, and renal excretion of these metabolic 
products, but they will not be considered in this 
discussion. 

Before proceeding to an analysis of each phase 
of the renal excretion of salicylate and salicyl 
conjugates, certain limitations in procedure and 
interpretation should be pointed out. In the case 
of “total” salicylate, currently available analytical 
methods do not permit precise measurement of in- 
dividual salicyl conjugates in the urine or their 
detection in plasma. The values cited for UV 
and P consequently do not fulfill the requirements 
for calculation of valid clearance data and will not 
be so considered. In the case of “free” salicylate, 
the values for P probably include undetectably 
small quantities of salicyl conjugates and the UV 
values do not take into account the (weak) chro- 
mogenicity of salicyluric acid. The error in- 
volved is small, however, in view of the high ra- 
tios of “free” to “total” salicylate obtained, par- 
ticularly upon alkalinization of the urine. The 
data for filtration and excretion of “free” salicyl- 
ate would therefore appear to be generally applica- 


% 


“Free” salicylate 


mg./min. ml./min. 


TABLE lI 


Effect of probenecid on salicylate clearance * 


perimental period represents the mean of results obtained in three collection periods. 


The surface area of each patient is indicated in the first column. 


96.5 
97.8 
82.1 
86.9 


Control 

Salicylate 
Sal+probenecid 
Salicylate 

Sal+ probenecid 
Salicylate 
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ble and from these data it may be possible to draw 
inferences as to the processes of tubular partici- 
pation not amenable to direct measurement. 


Tubular reabsorption of free salicylate 


It is apparent from the data in Table I that in 
man, under the ordinary circumstances of excre- 
tion of acid urine, the filtered load of “free” salicyl- 
ate greatly exceeds the quantity of “free” (and 
“total”) salicylate simultaneously appearing in 
the urine. In these circumstances most of the 
“free” salicylate presumably is reabsorbed in the 
tubules. 

As the urine pH rises after administration of 
sodium bicarbonate (Figure 2), the salicylate 
clearance increases (6-8, 19-21). This is not as- 
sociated with an increase in the ultrafiltrable 
fraction of the plasma salicylate (Figure 1), or 
with enhancement of the glomerular filtration rate 
(Table I), hence cannot be ascribed to augmenta- 
tion of the quantity of salicylate filtered at the glo- 
merulus. It has been inferred (3, 8, 21) that 
tubular reabsorption of salicylate decreases as the 
urinary pH rises. 

Our data are entirely consistent with this view 
since the “net” tubular reabsorption of “free” 
salicylate was found to decrease sharply as the 
urine pH rose with administration of bicarbonate 
(Figure 3). Nevertheless, it should be pointed 
out that the quantity of salicylate reabsorbed in 
the tubules cannot be determined precisely by the 
techniques employed because of limitations in 
measurements and the possibility of concomitant 
tubular excretion. 

At present, one can only speculate as to whether 
tubular reabsorption of salicylate involves “active” 
as well as “passive” transport, and whether the 
inhibiting effect of bicarbonate administration can 
be explained solely on the basis of changes in 
H* gradient and related factors in the tubular 
urine. Penetration of salicyl into cells being a 
function of pK, the renal tubular epithelium pre- 
sumably is less permeable to dissociated than to 
non-dissociated salicylate. Smith (3) has sug- 
gested that the decreased salicylate reabsorption 
at increasing urine pH can be accounted for by 
the increased ratio of ionized to non-ionized sali- 
cylate in the tubular urine over the pH range in 
question, 5.0 to 8.0. As Dalgaard-Mikkelsen (20) 
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points out, however, the pK of salicylic acid is 
about 3 and there is consequently little change in 
dissociation over this pH range, as is clearly 
brought out in titration curves recorded by Kapp 
and Coburn (4). Berliner (22) suggests that ac- 
tive transport of salicylate nevertheless need not 
be postulated: “If relatively complete imperme- 
ability to the ionized form exists and if equilibrium 
between tubule lumen and peritubule fluid occurs, 
the concentration of un-ionized salicylate must 
approach equality within and without the tubule. 
Under such conditions the observed changes in ex- 
cretion (including excretion, in alkaline urine, of 
amounts in excess of those filtered) would be 
predicted.” There are no data available, however, 
to indicate whether such a mechanism adequately 
accounts for the rate and magnitude of tubular 
reabsorption of salicylate without further postula- 
tion of specific enzyme transport systems. It 
should be pointed out that tubular enzyme systems 
may be presumed to play an at least indirect role 
in tubular reabsorption of salicylate; for example, 
in the regulation of H* exchange and through the 
acceleration of tubular transfer by the concentra- 
tion gradient produced by conjugation of free sali- 
cylate within the tubule cell. 


Tubular excretion of free salicylate and salicyl 
conjugates 


When tubular reabsorption of free salicylate is 
sufficiently suppressed by administration of so- 
dium bicarbonate, salicylate/inulin clearance ra- 
tios in excess of 1.0 are obtained (Figure 2). 
In one of our patients (H. W., who received the 
largest injection of bicarbonate) the “free” salicyl- 
ate/inulin clearance ratio consistently reached 1.8 
or more when the urinary pH was greater than 
7.5; in five other cases the ratio rose to 1.0 to 1.2. 
Similar findings are reported by Bjgrneboe, Dal- 
gaard-Mikkelsen, and Raaschou (19) in man and 
by Davis and Smith (21) in the dog, both groups 
using thiosulfate clearance as a measure of glo- 
merular filtration rate; however, the latter investi- 
gators did not consider the results to be of special 
significance. In rabbits, Dalgaard-Mikkelsen (20) 
obtained salicylate clearances five times greater 
than the creatinine clearance when the urine was 
sufficiently alkalinized. 

Tubular excretion of free salicylate may thus 
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become manifest when the urine is alkaline. “Sub- 
stantial” tubular excretion of salicyluric acid (o-hy- 
droxyhippuric acid) has been shown by Smith 
and his co-workers (13) to occur in man without 
alkalinization of the urine. It would therefore ap- 
pear that tubular excretion of salicylate, at least in 
conjugated form, regularly occurs at all levels of 
urinary pH but ordinarily is masked by pre- 
ponderant tubular reabsorption of free salicylate 
(19, 20). 


Conjugation of salicylate 


Under the ordinary circumstances of oral ad- 
ministration of salicylate and excretion of acid 
urine, approximately 80 per cent of the salicyl 
eliminated is in conjugated form—some 55 to 60 
per cent combined with glycine and 20 to 25 per 
cent as glucuronide (4). The proportion of 
salicyl conjugate falls sharply as the urine pH 
rises when bicarbonate is ingested together with 
salicylate. The same general behavior is noted 
when salicylate is given intravenously and bicarbo- 
nate is then also injected (Table I), but the initial 
ratio “free” salicylate/“‘total” salicylate was higher 
in most of our cases, for reasons already suggested. 

Information as to the precise sites and mecha- 
nisms of salicylate conjugation in man is wanting. 
It has been inferred that the low plasma concen- 
tration of salicyl conjugates, too low to be meas- 
ured by currently available methods, implies that 
conjugation occurs almost exclusively in the kid- 
neys. This assumption is not warranted, how- 
ever, since the available data are consistent with 
the possibility that both salicyluric acid and salicyl 
glucuronide may be derived, in part, from the liver 
or other extra-renal sources. 

That the kidney is nevertheless an important 
site at least of salicyluric acid formation may be 
inferred from what is known about biosynthesis 
of an analog, hippuric acid. The classic studies 
of Bunge and Schmiedeberg (23) demonstrated 
that in the dog conjugation of benzoic acid with 
glycine takes place in the kidney. Perfusion ex- 
periments with human kidneys showed that the 
renal tissue of man also is capable of this transfor- 
mation (24). Recently, the renal and hepatic 
enzyme systems responsible for hippurate syn- 
thesis have been studied extensively and it has 
been shown that the benzoyl thioester of coenzyme 


A is the energy-rich intermediate (25). Glycine 
N-acylase has been shown to transfer the benzoyl 
group from acyl coenzyme A to glycine (26). The 
role of glycine N-acylase in respect to salicyluric 
acid formation has not been elucidated, however, 
because the activator systems in the species stud- 
ied thus far are incapable of forming the o-hy- 
droxybenzoyl thioester of coenzyme A. No data 
are available as to the scope of activity of equiva- 
lent enzyme systems in human kidney. 


Effect of probenecid 


Beyer and his associates (27) have shown that 
probenecid inhibits the conjugation of p-amino- 
benzoic acid (PAB) and of p-aminosalicylic 
(PAS) with glycine; in the case of PAB, di- 
rectly or indirectly at the level of acetate activation 
(28, 29). Conjugation of PAB with glucuronic 
acid apparently is not interfered with by probene- 
cid (30). PAB given concurrently with salicylate 
decreases urinary excretion of salicylate, appar- 
ently by competitively inhibiting formation of 
salicyluric acid (31). 

It might be expected by analogy with such ex- 
periments that probenecid would interfere with 
conjugation of salicylate with glycine in the renal 
tubules, thus causing a reduction in urinary excre- 
tion of salicyl compounds. In the four experi- 
ments cited in Table II of this study, probenecid, 
infused at a rate sufficient to effect a distinct fall 
in Cpan, caused a significant decline in salicylate/ 
inulin clearance ratio in each instance. The effect 
was somewhat more marked in respect to “free” 
salicylate, however, and indeed the ratio of “free” 
to “total” salicylate excreted in the urine invariably 
fell. The significance of this result is not clear ; tu- 
bular secretion of “free” salicylate may be inhibited 
by probenecid. 


SUMMARY 


1. Simultaneous renal clearance studies of sali- 
cylate, inulin, and p-aminohippurate were carried 
out in 10 human subjects, and the effect of alka- 
linization of the urine by concomitant injection of 
bicarbonate was determined. 

2. Cy and Cpan were not consistently affected 
by infusion of sodium salicylate alone or in com- 
bination with sodium bicarbonate. Administra- 
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tion of sodium bicarbonate had no influence on the 
proportion of plasma salicylate which is ultra- 
filtrable. 

3. The “free” salicylate/inulin clearance ratios 
ranged from 5 to 60 per cent with a mean of 28.3 
per cent. As the urinary pH rose with infusion of 
sodium bicarbonate, the salicylate clearance in- 
creased to a mean approximately three-fold and 
the “net” tubular reabsorption of “free” salicylate 
decreased correspondingly. When the urine pH 
exceeded 7.5 the salicylate excreted usually ex- 
ceeded that filtered, implying tubular excretion of 
“free” salicylate and salicyl conjugates under these 
circumstances. 

4. The effect of probenecid on salicylate clear- 
ance was studied in four cases. Probenecid caused 
a mean decline of 33 per cent and 40 per cent in 
“total” and “free” salicylate/inulin clearance ra- 
tios, respectively. 

5. The data indicate that renal elimination of 
administered salicylate is a complex four-phase 
process involving filtration at the glomerulus, tu- 
bular reabsorption, tubular conjugation and tu- 
bular excretion. Extra-renal conjugation and oxi- 
dation also occur. 
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In the past thirty years, numerous observations 
have been made on the hemodynamic effects of 
arteriovenous fistulae. Arteriovenous fistulae of 
variable size and location have been studied in pa- 
tients as well as in animals. Such studies have 
consisted a) in observing the effect of suddenly 
opening and closing a fistula in acute experiments, 
b) in studying the effects of suddenly closing and 
opening a fistula in an animal or a patient who 
had had such a fistula for a relatively long time, 
and c) in recording the effect of complete surgi- 
cal eradication of a long-standing fistula. While 


some agreement has been reached on many points, 
there persists some controversy about most of 


them (1). It is now generally agreed that an 
acute as well as a chronic arteriovenous fistula 
increases the cardiac output (1-8). However, 
Lewis and Drury (9) came to the conclusion that 
the cardiac output is not increased unless the 
arteriovenous shunt is very large. Van Loo and 
Heringman (10) concluded that acute arteriove- 
nous fistulae increase the cardiac output although 
the flow of blood in certain vascular areas outside 
the fistula circuit is decreased. The venous pres- 
sure is definitely increased near the site of the 
arteriovenous communication, but most investiga- 
tors have found that the increment of venous pres- 
sure decreases rapidly as the pressure is meas- 
ured further down the venous bed toward the 
right atrium, and in the venae cavae and right 
atrium the pressure is elevated little or not at all 


1 This work was made possible by a grant-in-aid from 
the New York Heart Association, the Sidney A. Legendre 
Gift, and the Charles A. Frueauff Gift. It was presented 
at the Annual Meeting of the American Physiological 
Society in New York City in 1952. 

2 Fellow of the New York Heart Association. 

8 Fulbright Fellow, from the Department of Medicine, 
University of Louvain Medical School, Louvain, Bel- 
gium. 


(3, 4,11). However, one group of workers (12) 
has reported more striking increases of right atrial 
pressure in dogs with an arteriovenous fistula. 
The blood volume seems to be increased by an 
arteriovenous fistula of a certain size and dura- 
tion (3, 13) although some observers (4) sug- 
gest that this increase in blood volume occurs 
only in the presence of an incipient or frank 
cardiac failure. 

Since the magnitude of the effects of an arterio- 
venous fistula would seem a priori to depend upon 
the volume of blood shunted through the ab- 
normal pathway, it is rather surprising that in no 
study has any attempt been made to measure si- 
multaneously the rate of flow through the fistula 
and the other functions of interest such as cardiac 
output, arterial and venous pressures. The pres- 
ent study was undertaken in an attempt to de- 
termine the acute cardiovascular adjustments to 
arteriovenous fistulae of different sizes, by re- 
cording simultaneously and continuously the flow 
of blood through the fistula, the flow of blood int. 
the systemic circulation exclusive of the arterio- 
venous fistula circuit, the mean arterial blood pres- 
sure and the mean central venous pressure. 


METHODS 


Fifteen dogs weighing between 13 and 28 kilograms 
were anesthetized by the intravenous infusion of 100 mil- 
ligrams of chloralose per kilogram of body weight. The 
chest was opened by a midsternal incision, and respira- 
tion was maintained by a positive pressure respirator. 
Segments of the brachiocephalic trunk, subclavian ar- 
tery, common carotid arteries, upper part of the descend- 
ing aorta, as well as the femoral veins were exposed 
and dissected. Ten milligrams of heparin per kilogram 
of body weight were then administered intravenously and 
repeated injections of one-half that amount were given 
every half hour. Cannulation of the arteries mentioned 
above was then performed in a manner previously de- 
scribed (14) and as pictured by the diagram of Figure 1. 
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The tube with the tunnel clamp T leads into the central 
end of a femoral vein. When clamp T is screwed tight, 
the blood expelled by the left ventricle leaves the aortic 
arch via the brachiocephalic and subclavian arteries, and 
after passing through rotameter A, flows into the de- 
scending aorta and common carotid arteries. This flow 
will be referred to as the body flow, and was measured 
and recorded continuously by rotameter A. When the 
fistula to the femoral vein was opened by unscrewing 
tunnel clamp T, the flow of blood through the fistula 
was measured and recorded continuously by rotameter 
B. Thus, when the fistula was patent, the cardiac output 
was equal to the sum of the two recorded flow rates. 
Each rotameter was supplemented with a shunt S to 
allow the recording of the zero flow without interruption 
of the circulation. When blood flows were being meas- 
ured, the shunts were occluded by clamps. The mean 
arterial blood pressure and the mean venous pressure 
were recorded by damped Gregg optical manometers of 
suitable sensitivity. The venous pressure was recorded 
from the point of entrance of the superior vena cava into 
the right atrium. Clamp T was unscrewed so as to open 
the fistula progressively and reach the desired level of 
fistula flow over a period of from one-half to one min- 
ute; from the time of the unscrewing of Clamp T, the 
fistula was maintained open for five minutes or longer, 
then it was suddenly occluded. Continuous photographic 
records of pressures and flows were obtained during a 
control period, during the time the fistula was patent, and 
during a recovery period which followed the occlusion 
of the fistula. An example of the type of record obtained 
is illustrated in Figure 2. To facilitate the presentation 
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Fic. 2. Continuous Recorp OBTAINED DURING THE PATENCY OF AN ARTERIOVENOUS 
FIsTuLA AND AFTER Its SUDDEN OCCLUSION 


At the beginning of the record, from top to bottom, fistula flow, mean arterial blood 


pressure, body flow and venous pressure. 
teriovenous fistula. 


At the arrow, sudden occlusion of the ar- 
Scale for the flows in cc. per minute; scales for the arterial blood 


pressure and the venous pressure in mm. of mercury and water, respectively, 
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Fic. 3. Piotr or AN EXPERIMENT IN WHICH AN ARTERIOVENOUS FISTULA 
ACCOMMODATING APPROXIMATELY 27 PER CENT OF THE CoNTROL CARDIAC 


Output Was Propucep 


From top to bottom, mean arterial blood pressure in mm. of mercury; 
venous pressure in mm. of water; heart rate per minute; body total periph- 
eral resistance in arbitrary units; cardiac output, body flow and fistula flow 


in cc. per minute. 
fistula, respectively. 


and analysis of the data the results of each experiment 
were plotted on graph paper as indicated in the succeeding 
figures. The resistance to the body flow or body total 
peripheral resistance (TPR) was calculated in arbitrary 
units by dividing the mean arterial blood pressure ex- 
pressed in mm. of mercury by the body flow expressed 
in liters per minute. 


RESULTS 


Fifty fistulae of various size were studied in 15 
dogs. Examples of the hemodynamic adjustments 
to small, medium and large fistulae are illustrated 
by Figures 3, 4, and 5. 

Figure 3 is the plot of an experiment in which 
was produced an arteriovenous fistula accommo- 
dating approximately 300 cc. per minute, which 
amounted to approximately 27 per cent of the con- 
trol cardiac output. During the control period, 
two minutes of which are shown in Figure 3, the 
mean arterial blood pressure oscillated between 
150 and 154 mm. of mercury, the cardiac output 
ranged between 1120 and 1170 cc. per minute, and 


At the first and second arrow, opening and closing of 
Time in minutes. 


the central venous pressure varied from 45 to 46 


mm. of water. The body total peripheral re- 
sistance ranged between 130 and 135 units. Im- 
mediately upon opening the fistula, the cardiac 
output increased and thirty seconds after the be- 
ginning of the opening of the fistula, the fistula 
flow amounted to 320 cc. per minute, the body 
flow had decreased slightly to 1080 cc. per minute, 
and the cardiac output was 320 plus 1080, or 1400 
cc. per minute. During the five-minute period 
that the fistula was patent, the mean arterial blood 
pressure remained within its control range, and 
in view of the slight decrease of the body flow it 
is apparent that some increase in the peripheral 
resistance to body flow was present, the TPR 
reaching a peak value of 144 units. A slight in- 
crease in central venous pressure was recorded 
during this fistula. After five minutes the fistula 
was suddenly closed. The body flow immediately 
increased and reached a maximal value of 1280 
cc. per minute within six seconds, then returned 
to its control level of 1140 cc. per minute within 
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From top to bottom, mean arterial blood pressure in mm. of mercury; venous pres- 
sure in mm. of water; heart rate per minute; body total peripheral resistance in arbi- 
trary units; cardiac output, body flow and fistula flow in cc. per minute. At first 
and fourth arrows, opening and closing of fistula, respectively. Between second and 
third arrows, intravenous infusion of 100 cc. of isotonic sodium chloride solution. 
Time in minutes. 
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15 seconds of the time of the occlusion of the 
fistula, The mean arterial blood pressure also ex- 
hibited a transient increase of 5 mm. of mercury 
during this 15-second period immediately follow- 
ing the closing of the fistula. A distinct fall of the 
central venous pressure was recorded after the 
closure of the fistula. No significant changes in 
heart rate were noted. In summary, it is ap- 
parent that this fistula, accommodating a blood 
flow equivalent to around 30 per cent of the 
control cardiac output, caused an increase in 
cardiac output almost equal to the amount of blood 
flowing through the fistula so that only a slight 
decrease in body flow occurred. A fall in arterial 
blood pressure was prevented by vasoconstriction 
of the systemic circulation exclusive of the fistula 
circuit, as manifested by a slight increase in the 
body total peripheral resistance. 

Figure 4 is the plot of an experiment performed 
on the same dog as that used in the experiment of 
Figure 3. In this experiment an arteriovenous 
fistula accommodating a flow of 600 cc. per min- 
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Fic. 6. ComposireE Plot oF THE PHENOMENA OBSERVED 
IN THE 50 FistuLAE STUDIED 
The percentile increase in cardiac output produced in 
each fistula is plotted along the ordinate; the correspond- 
ing values of the fistula flow expressed in terms of per 
cent of the control cardiac output are plotted along the 
abscissa. 
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ute, or 57 per cent of the control cardiac output 
was produced, Although the increment in cardiac 
output (500 cc. per minute) was greater than with 
the smaller fistula, the increase in cardiac output 
was insufficient to compensate fully for the fistula 
flow, and the body flow decreased by 100 cc. per 
minute, a 9 per cent decrease. Body vasoconstric- 
tion, manifested by an increase in body TPR from 
126 to a peak of 145 units, was effective in main- 
taining the mean arterial pressure within its con- 
trol range. An increase of 5 mm. of water in the 
central venous pressure was present during the 
patency of the fistula. Upon closing the fistula, 
the mean arterial blood pressure temporarily rose 
10 mm. of mercury above previous and control 
levels, the body flow rose and remained elevated 
about 15 seconds, after which the body flow, i.e., 
the cardiac output, returned to control value. 
The venous pressure promptly fell to its control 
level. The heart rate showed no striking change 
throughout this experiment except for a temporary 
slowing of five beats per minute immediately af- 
ter the occlusion of the fistula. 

Figure 5 is the plot of the response of the same 
dog to a fistula accommodating a blood flow of 
up to 1100 cc. per minute, i.e., approximately 100 
per cent of the control cardiac output. Although 
the cardiac output reached a peak of 2000 cc. per 
minute, this increase was clearly inadequate, for 
the body flow decreased by 200 to 250 cc. per min- 
ute. Despite the body vasoconstriction revealed 
by the rise in body TPR, the arterial blood pres- 
sure fell 10 mm. of mercury. The central venous 
pressure rose 9 mm. of water. During the sixth 
minute of the period during which the fistula was 
kept open, 100 cc. of isotonic sodium chloride solu- 
tion were administered to the dog via the intact 
femoral vein. This infusion produced a dramatic 
increase in cardiac output to a peak of 2840 cc. 
per minute, an increase of 970 cc. per minute above 
its value just prior to the infusion. However, 
most of this increment of cardiac output, 850 cc. 
of the 970 cc., was absorbed by the body circula- 
tion and only 120 cc. went through the fistula cir- 
cuit. As the body flow rose, there was a marked 
decrease in the body TPR. Despite this fall in 
body TPR, the increase in body flow was such 
that the mean arterial blood pressure rose above 
its control level. After the end of the infusion, 
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the fistula was kept open for another two minutes, 
during which the effects of the infusion subsided 
somewhat: cardiac output and body flow as well 
as venous and arterial blood pressures decreased, 
whereas the body TPR rose. Upon closing of the 
fistula the arterial blood pressure rose, then 
promptly stabilized at its control level; venous 
pressure and cardiac output fell but remained 
slightly above control levels, probably because of 
the persistent effect of the infusion, and the TPR 
remained below its control value presumably for 
the same reason. 

Figure 6 is a composite plot of the results ob- 
served in the 50 arteriovenous fistulae scudied. 
Along the abscissa is plotted the fistula flow ex- 
pressed as percentage of the control cardiac out- 
put. On the ordinate is plotted the corresponding 
increase in cardiac output expressed in similar 
terms. To facilitate the discussion, all fistulae 
have been divided into four groups, delineated by 
the vertical interrupted lines. The basis for this 
division of all fistulae into four groups will become 
apparent in the course of the discussion. 
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As can be seen in Figure 6, it is clear that the 
degree of increase in cardiac output is a function 
of the size of the fistula. In six of the seven fis- 
tulae in which the fistula flow was equal to or 
smaller than 19 per cent of the control cardiac out- 
put (Group I), the increase in cardiac output was 
equal to the fistula flow, so that the body flow re- 
mained at its control value, as did the arterial 
blood pressure and body TPR. The largest fistula 
in which the increase in cardiac output was equal 
to the fistula flow accommodated a flow equal to 
27 per cent of the control cardiac output. In all 
the fistulae larger than 27 per cent (Groups III 
and IV) and in 11 of the 14 fistulae of Group II, 
i.e., fistulae equal to 19 to 27 per cent of the con- 
trol cardiac output, the increment in cardiac out- 
put was less than the amount of the fistula flow 
so that the body flow decreased. Body vaso- 
constriction as indicated by an increase in the 
body TPR, was present in all these experiments 
in which the body flow decreased. Although in 
all these fistulae the body flow decreased, the mean 
arterial blood pressure was maintained in 7 of 
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the 11 fistulae of Group II (experiments repre- 
sented by solid dots in Figure 6) and in 5 of the 
13 experiments of Group III. Group IV com- 
prises 15 large fistulae during which both body 
flow and mean arterial blood pressure decreased. 
In seven experiments of Group IV, an infusion 
of 100 cc. of isotonic sodium chloride solution was 
administered over a one-minute period during the 
patency of the fistula. During each infusion the 
cardiac output increased and body flow as well as 
mean arterial blood pressure rose to or even above 
control levels. As mentioned in the discussion of 
Figure 5, most of the increase in cardiac output 
was accommodated by the body flow circuit. 
The increase in cardiac output during these in- 
fusions is indicated in Figure 6 by the arrows. 
The large solid dot of Figure 6 was yielded by 
the experiment pictured in Figure 7. In this ex- 
periment, the dog was given intravenously a con- 
tinuous infusion of isotonic sodium chloride solu- 
tion at a constant rate. The total amount of sa- 


line solution administered in 10 minutes, from 1 
minute before the opening of the fistula to ap- 


proximately 3 minutes after the closing of the 
fistula, was approximately 100 cc. In this ex- 
periment a fistula finally accommodating 77 per 
cent of the control cardiac output was attained 
and the cardiac output increased by the full amount 
of the fistula flow. The central venous pressure 
rose no more than 6 mm. of water during this 
fistula. As is apparent from Figure 6, this fistula 
is almost three times as large as any other fistula 
found to be fully compensated with respect to 
body flow without benefit of infusion. 

The changes in heart rate, as indicated by the 
four examples shown in Figures 3, 4, 5, and 7, 
were slight and variable. As the fistulae were 
gradually opened, no significant changes were 
noted. Upon sudden closing of the fistula, a 
temporary slowing of the heart rate was observed 
in half of the experiments. The magnitude of 
this change varied from 5 to 22 beats per minute. 

The changes in central venous pressure were 
slight, but a definite increase was noted in 21 of 
the 22 fistulae in which the venous pressure was 
recorded continuously. Table I summarizes the 
increases seen in central venous pressure with the 
different sizes fistulae. 
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DISCUSSION 


An increase in cardiac output was observed in 
every fistula studied and the magnitude of the in- 
crease appeared to be a function of the size of the 
fistula. Inasmuch as the heart rate did not change 
consistently or markedly with the progressive 
opening of the fistula, it might be concluded that 
the increase in cardiac output was due mainly to 
an increase in systolic output. 

The initial alteration of the circulation upon 
opening an arteriovenous fistula consists in the 
opening of a path of less resistance through which 
blood passes directly from the arterial into the 
venous part of the vascular bed. The opening of 
that path of less resistance decreases the resistance 
to the outflow of blood from the left ventricle, 
thus producing an increase in the emptying of 
the left ventricle. In the case of a small fistula, 
the increase of the venous return is such that the 
cardiac output is increased by the full amount of 
the fistula flow, the body flow remains unchanged, 
and the mean arterial blood pressure is promptly 
restored to its control level through the increase 
in cardiac output. It is rather doubtful whether, 
even in a small fistula, the more complete empty- 
ing of the left ventricle ever is the only mecha- 
nism through which the increase in venous return 
occurs and the cardiac output is increased suffi- 
ciently to be augmented by the full amount of 
the fistula flow. Other mechanisms, myocardial 
as well as peripheral, which may play a role in 
the acute adjustment to the establishment of an 
arteriovenous fistula have to be considered, es- 
pecially in large fistulae. Indeed, upon opening 
the fistula the inflow of arterial blood into the veins 
causes a considerable increase in the local venous 
pressure (11), the veins become distended and the 
volume of blood in the venous system must be as- 
sumed to increase until a new equilibrium is 
reached. At this point a) the amount of blood 
leaving the veins per unit of time to enter the 
right heart is equal to that which enters the ve- 
nous system coming from the body and the fistula, 
b) the amount of venous return is larger than 
before the fistula was opened, and c) the venous 
system most probably contains more blood than 
before the opening of the fistula. The rate of ve- 
nous return in the fistula circuit is determined by 
the pressure gradient between the veins and the 


’ 


heart and obviously the head of pressure in this 
system is limited for a fistula of a given size by 
the distensibility of the veins and the volume of 
blood available to fill them.* 

Thus it is suggested that, with the opening of 
a small fistula, there is an increase in the amount 
of blood flowing into the venous bed which ac- 
commodates a greater volume of blood, then the 
pressure gradient rises so that the flow of blood 
into the venous bed is equal to the flow of blood 
into the right heart. At this new equilibrium, the 
control cardiac output is increased by the full 
amount of the fistula flow so that body flow and 
arterial blood pressure remain at control levels. 
Such a fistula has been characterized as being fully 
compensated. However, a redistribution of blood 
must have occurred, leading to an increase of the 
blood contained in the venous part of the vascu- 
lar bed. The source of the blood accounting for 
the increase in the venous blood volume is not 
clear. Since there was no evidence of constriction 
of the arterial tree, at least in the case of a small 
fistula, it is probable that the increment in the ve- 
nous blood volume comes not from the arterial 
tree itself but from blood reservoirs. With larger 
fistulae a progressively larger volume of blood is 
pooled in the venous system, and eventually a 
fistula flow rate is reached at which the pressure 
gradient is insufficient to ensure an increase in the 
venous return to the right heart equal to the 
amount of the fistula flow. Under such circum- 
stances the increase in cardiac output will be less 
than the amount of the fistula flow and the body 
flow will fall below control value. 

As indicated by experiments similar to that 
plotted in Figure 7, when the total volume of in- 
travascular blood is increased by the continuous 
infusion of an isotonic solution of sodium chlo- 
ride, a much larger fistula is tolerated without 
decrease in body flow. Similarly, as pictured in 
Figures 5 and 6, when a dog with a fistula large 
enough to produce a decrease in body flow re- 
ceives an intravenous infusion of isotonic sodium 


*Two other factors, the size of the aperture between 
the arterial and the venous circuit, and the possibility of 
the development of turbulence at the site of the fistula, 
have to be considered. The first one is dealt with 
throughout the manuscript; the second one is not dis- 
cussed because it is not susceptible of quantitation with 
the data at hand. 
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chloride solution, the cardiac output may increase 
by the full amount of the fistula flow or more, 
and the body flow return to or above control level, 
although the fistula flow itself is affected relatively 
little by the infusion. It is therefore most prob- 
able that the essential factor which limits the 
degree of increase in cardiac output in the pres- 
ence of a large acute arteriovenous fistula is the 
inadequacy of the venous return and not the car- 
diac reserve. Furthermore, the critical factor 
setting the limit to the rate of the venous return 
is apparently the total available volume of blood. 
Therefore, the increase in blood volume which de- 
velops in chronic arteriovenous fistulae may be in- 
terpreted as a beneficial physiological adjustment 
and not necessarily as an indication of cardiac 
failure. 

The cardiac output increased by the full amount 
of the fistula flow in 6 out of 7 experiments in 
which the fistula accommodated up to 19 per cent 
of the control cardiac output (Group I). In 11 
out of the 14 fistulae accommodating a flow equal 
to from 19 to 27 per cent of the control cardiac 
output (Group II) and in all fistulae accommo- 
dating a flow amounting to more than 27 per cent 
of the control cardiac output (Groups III and IV), 
the cardiac output did not increase by the full 
amount of the fistula flow and the body flow de- 
creased. The total peripheral resistance rose in 
all those experiments in which the increase in 
cardiac output was inadequate and, as a result of 
this vasoconstriction, the mean arterial blood pres- 
sure was maintained at control level in 7 out of 
the 11 experiments of Group II and in 5 of the 
13 experiments of Group III. However, despite 
vasoconstriction, the arterial blood pressure fell 
in all the experiments in which the fistula accom- 
modated more than 60 per cent of the control 
cardiac output. 

Emphasis has been placed upon the fact that when 
the fistula is open, the central venous pressure is 
elevated little or not at all in the presence of a con- 
siderable increase of the stroke volume (15). It 
must be remembered indeed that experiments on 
the heart-lung preparation indicate that the right 
auricular pressure has proven to be an insensi- 
tive indicator of the rate of venous return, the ex- 
tent of ventricular filling and the volume of sys- 
tolic discharge (16). However, as can be seen 
in Table I, definite, though sometimes slight, in- 
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TABLE I 
Increases in mean central venous pressure during the 
different arteriovenous fistulae 
Fistula flow 
(expressed in Central venous pressure 
Number per cent of (mm. of water) 
of control 
experi- cardiac Mean Range of 
ments output) increase 
8 20-30 3.7 0-7 
7 30-60 5.6 3-10 
7 60-130 7.7 6-9 


creases in the central venous pressure were re- 
corded during the period that the fistula was pa- 
tent in 21 out of 22 experiments. It is conceiv- 
able that in clinical or experimental studies in 
which the thorax remained intact and continuous 
pressure recording was not obtained, changes of 
this magnitude could remain undetected because 
of the magnitude of the fluctuations of venous 
pressure under the influence of respiration. Fig- 
ure 2 demonstrates the rapidity with which the 
central venous pressure falls upon closure of the 
fistula. An abrupt reduction of 8 mm. of water 
occurred within two seconds. It would seem that 
this abrupt fall of the central venous pressure is 
due to the sudden decrease of the rate of venous 
return. The sudden increase in the resistance 
to the left ventricular outflow and the reduction in 
ventricular filling which both occur upon occluding 
the fistula circuit, would appear to be an adequate 
explanation for the sudden decrease in stroke 
volume. 

The changes in heart rate which may be ob- 
served with the opening and closing of arterio- 
venous fistulae do not seem to be the essential 
determinant of the changes in cardiac output, in- 
asmuch as similar responses in output are seen in 
experiments on animals or humans in which the 
changes in heart rate are prevented by anesthesia 
or atropine (5, 8). 

The data presented may also help the under- 
standing of some of the circulatory adjustments to 
circumstances other than those resulting from 
arteriovenous fistulae. Indeed, these observations 
may be taken to indicate that when in acute situa- 
tions, vasodilatation occurs in an important vas- 
cular area, the degree of increase in venous return 
attainable without the action of compensatory 
mechanisms may well be quite limited. 
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SUMMARY 


Some of the immediate circulatory adjustments 
to the opening and closing of arteriovenous fistu- 
lae of different sizes have been studied in the 
anesthetized dog. An increase in stroke volume 
and cardiac output was observed in all experi- 
ments. With the smaller fistulae, 7.e., fistulae ac- 
commodating less than 20 per cent of the control 
cardiac output, the cardiac output increased by 
the full amount of the fistula flow. Greater in- 
creases in cardiac output occurred with larger 
fistulae, but the amount of the increase in output 
was less than the amount of the fistula flow which 
resulted in a decrease of the blood flow to the 
systemic capillary bed. Vasoconstriction super- 
vened, which prevented a fall in the mean arterial 
blood pressure in some of the fistulae accommo- 
dating up to 60 per cent of the control cardiac 
output, but with larger fistulae the arterial blood 
pressure fell despite vasoconstriction. 

It is suggested that the essential factor which 
limits the degree of increase in cardiac output in 
the presence of a large fistula is the inadequacy of 
the venous return, and under the conditions of 
these experiments, the limit to the rate of venous 
return seems to be the volume of blood available. 

In the light of these findings, the increase in 
blood volume noted in chronic experimental and 
clinical arteriovenous fistulae may be considered 
as a compensatory mechanism, and not necessarily 
as an indication of the development of cardiac 
failure. 
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Most investigators are agreed that acute and 
chronic arteriovenous fistulae produce an increase 
in cardiac output (1, 2). Furthermore, a chronic 
fistula of sufficient size produces an increase of the 
blood volume (1, 2) and, upon closure of such a 
chronic fistula, a diuresis of sodium and water 
(3). On the other hand, it has been shown re- 
cently that an acute arteriovenous fistula accom- 
modating 20 per cent or more of the original 
cardiac output increases the cardiac output but 
leads to a decrease in the blood flow through the 
normal systemic capillary bed due to vasoconstric- 
tion (1). It appeared of interest, therefore, to 
determine whether the renal vascular bed partici- 
pates in this vasoconstriction and, if so, whether 
an acute arteriovenous fistula affects the renal func- 
tions in such a manner as to result in sodium and 
water retention. 


METHODS 


Ten adult female dogs were anesthetized by the in- 
travenous administration of 0.47 to 0.57 cc. per kilogram 
of a 6 per cent solution of sodium pentobarbital. The 
trachea was cannulated with a Y-shaped glass tube. 
Segments of the right common carotid and right brachial 
arteries, right jugular vein, as well as both femoral ar- 
teries and veins were dissected free. After the neces- 
sary dissection was completed, a multi-eyed catheter was 
introduced into the urinary bladder. The animal was 
then given intravenously 5 to 10 mg. of heparin per kilo- 
gram after which the vessel cannulations and the other 
necessary procedures were carried out as described below. 
The mean arterial blood pressure was recorded with a 
mercury manometer connected to the central end of the 
left femoral artery. In 3 of the 10 experiments, the 
cardiac output was measured according to the Fick prin- 


1 This work was made possible by grants-in-aid from 
the New York Heart Association and the American 
Heart Association. It was presented at the annual meet- 
ing of the American Physiological Society in Chicago in 
1953. 

2 Postgraduate Fellow of the U. S. Public Health 
Service. 


ciple before the establishment of the arteriovenous fistula, 
during its patency and after its closure. The oxygen 
consumption was determined by measuring and analyzing 
the expired air collected in a Douglas bag over a 4 to 6- 
minute period. The arteriovenous oxygen difference 
was determined from the analysis of arterial and mixed 
venous bloods. The arterial blood was obtained from the 
right brachial artery. The mixed venous blood was with- 
drawn from the right ventricle through a catheter in- 
troduced via the right jugular vein into the right ventricle 
under fluoroscopic control. Glass cannulae were tied 
in the central end of the right common carotid artery 
and the central end of the right femoral vein; these two 
cannulae were connected by a rubber or polyvinyl tube 
previously filled with isotonic sodium chloride solution 
and closed by a screw clamp. A similar communication 
was established between the central end of the right fe- 
moral artery and the central end of the left femoral vein. 
In 5 of the 10 experiments, a catheter connected to a wa- 
ter manometer was introduced via the left femoral vein 
into the inferior vena cava up to the level of the renal 
veins in order to measure the changes in venous pressure 
at this site. 

Before being anesthetized, the animals were given orally 
0.14 to 0.29 grams of sodium chloride per kilogram of 
weight to insure adequate urinary excretion of sodium and 
chloride during the experiment. While the operative 
procedures were being carried out, priming doses of 1.5 
grams of creatinine and 0.07 grams of sodium para-amino- 
hippurate dissolved in 30 cc. of water were administered 
intravenously to the animals. Thereafter a sustaining in- 
fusion of isotonic sodium chloride solution containing 19 
mg. of creatinine and 3.3 to 3.6 mg. of sodium para- 
aminohippurate per cc. was delivered intravenously at 
the constant rate of 1 cc. per minute by a Bowman pump. 
The amounts of water, sodium, potassium, and chloride 
excreted were measured and the renal plasma flow 
(RPF) as well as the glomerular filtration rate (GFR) 
and the filtration fraction (FF) were determined. The 
concentrations of sodium and potassium in plasma and 
urine were measured with an internal standard flame 
photometer. A modified Volhard titration method (4) 
was used to quantitate the chloride concentration in 
plasma and urine. Exogenous creatinine clearance (5) 
and para-aminohippurate clearance (6) were used to 
measure GFR and RPF. The oxygen content of the 
expired air was determined by the Scholander method 
(7). The method of Van Slyke and Neill (8) was used 
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to measure the oxygen content of the arterial and venous 
blood. 

Each clearance period was of 5 to 15 minutes’ duration ; 
the blood samples were withdrawn in the middle of each 
period from the right brachial artery. In each one of the 
ten experiments, two control clearance periods were ob- 
served. The arteriovenous fistulae were then opened to 
such a degree as to produce an immediate marked de- 
crease of the mean arterial blood pressure. The size 
of the fistulae was then adjusted by screw clamps so as 
to allow the mean arterial blood pressure to return to its 
control level within 3 to 10 minutes in most experiments. 
During the patency of the fistulae, two clearance pe- 
riods were observed in all ten experiments. In the first 
five experiments, the urine collection was begun as soon 
as the fistulae were opened, and in the last five experi- 
ments, 5 to 12 minutes after the opening of the fistulae. 
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The fistulae were then closed and the urine collected dur- 
ing two more periods. The urine collection was begun im- 
mediately after the closure of the fistulae in the first five 
experiments and 5 to 18 minutes after the closure of the 
fistulae in the last five experiments. In experiments 8, 9, 
and 10, the cardiac output was determined during the 
control period, during the patency of the fistulae, and after 
the closure of the fistulae. Each cardiac output meas- 
urement was made immediately before the corresponding 
clearance periods. 


RESULTS AND DISCUSSION 


The results obtained are summarized in Table 
I, Figure 1, and Figure 2. When the fistulae were 
opened, the mean arterial blood pressure fell im- 
mediately 14 to 32 mm. of mercury; the average 


TABLE I 
Summary of the data obtained in all 10 experiments * 


Plasma 


RPF Na 
mEq./L. 


cc./min. 


GFR 


Period cc./min. 


Cardiac 
output 
L./min. 


Na 
filteredt 
mEq./min. 


Na 
excreted 


pEq./min. 


Percentage of Venous 
filtered Na pressure 
reabsorbed mm. 


Urine 


low. 
cc./min. 


186 
172 
183 


60 
56 
58 


Control 
Fistula 
Recovery 


Control 
Fistula 
Recovery 


Control 
Fistula 
Recovery 
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Recovery 
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* The figures given in each experiment for RPF, GFR, FF, plasma sodium, urine volume, amount of sodium excreted, 
amount of sodium filtered, percentage of filtered sodium reabsorbed by the tubules, during the control period, during the 
patency of the fistula, and during the recovery period represent the peacen of the two values obtained during the two 
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control periods, the two experimental ie and the two recove 


¢ Filtered Na = Plasma Na XGF 


peri 


Donnan Factor not appiied. 


32. +150 0.40 49 9.00 99.5 
1 "33 150 0.29 27 8.40 99.7 : 
32 150 0.58 76 8.70 99.1 ia 
147 50.34 147 0.35 44 7.35 99. 
2 127 0 5 6.72 
138 48 147 29 7.05 
239 147 0 
3 208 74 (36 148 0 
228 149 0 ; 
200 65 150 0 
4 162 64 40 149 0 i 
189 148 1 
194 65 146 1 
5 158 0 
184 a. 147 1 
217 72 143 1. 
6 202 70235 144 
222 71 "32 144 1. 
189 70 148 1.7 
7 166 69.42 148 11 
192 72 #138 «148 1. 
| 178 67 146 
| 204 61 30 147 
| 9 176 147 
| 208 61 "29 
197 58 29 147 : 
| 170 147 
195 58 
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Each value represents the average of the data ob- 
tained in all 10 experiments and is expressed in terms 
of per cent of the average control value. 


fall was 24 mm. of mercury. Within 3 to 10 min- 
utes, the blood pressure progressively rose to its 
control level (experiment 3) or within the range 
of its control level, i.e., 2 mm. of mercury above 
control level in experiments 4 and 5, and 4, 2, 2, 
6, 3, and 3 mm. below control level in experiments 
1, 2, 7, 8, 9, and 10, respectively. In only one ex- 
periment (experiment 6) did the blood pressure 
remain approximately 30 mm. below its control 
level. 

In all experiments the renal plasma flow fell dur- 
ing the patency of the fistula and returned to or 
toward its control level after the fistula was closed. 
The renal plasma flow fell 7 to 19 per cent of its 
control value and the average decrease amounted 
to 14 per cent of the average control value. The 
glomerular filtration rate decreased little or not 
at all, the maximal, minimal and average fall be- 
ing 8, 0, and 3 per cent, respectively. Accordingly, 
the filtration fraction invariably rose. The amount 
of water, sodium, and chloride excreted fell during 
the patency of the fistula and the decrease of the 
urine volume was less marked than that of the 
amount of sodium and chloride excreted. In one 
experiment (experiment 10), the amount of urine 
excreted did not fall during the patency of the 


fistula although there was a diminution in the 
amount of sodium excreted. Upon closure of the 
fistula, the excretion of water, sodium, and chlo- 
ride returned to, toward, or above the control 
levels. In experiments 8, 9, and 10, in which the 
cardiac output was measured, the fistula increased 
the output 18, 70, and 104 per cent, respectively. 
In the last five experiments the mean venous pres- 
sure measured in the inferior vena cava at the 
level of the renal veins rose by 9 to 17 mm. of 
water during the patency of the fistula. 

Since the renal plasma flow decreased in all ex- 
periments and the mean aortic blood pressure did 
not change significantly except in one experiment, 
it can be concluded that the fistula decreased the 
renal plasma flow by inducing an increase in the 
vascular resistance of the kidneys. The slight de- 
crease in the glomerular filtration rate observed 
in most experiments seems to indicate that the 
opening of the fistula induced constriction of the 
afferent glomerular arteriole at least in some ex- 
periments. However, since the filtration fraction 
rose, it follows that the resistance increased more 
in the postglomerular segment than in the preglo- 
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merular segment of the renal vascular bed. It 
is improbable that the increase of the renal venous 
pressure observed was sufficient to account for the 
rise in the renal peripheral resistance (9). 

The decrease in sodium excretion induced by 
opening the arteriovenous fistula was accompanied 
by an increase in the percentage of filtered sodium 
reabsorbed by the tubules in all 10 experiments. 
Similarly the increase in sodium excretion pro- 
duced by closing the fistula was associated with a 
decrease in the percentage of filtered sodium reab- 
sorbed in all 10 experiments. A similar correla- 
tion between the changes in sodium excretion 
produced by opening and closing the fistula and 
the changes in the amount of sodium filtered was 
also present in most experiments. Only once 
upon opening the fistula (experiment 3), there 
occurred an increase in the sodium excretion while 
the amount of filtered sodium increased and twice 
upon closing the fistula (experiments 7 and 8) 
the sodium excretion rose while the amount of 
filtered sodium decreased. With such data, an 
interpretation of the respective role of filtration 
and reabsorption in the phenomena observed is 
obviously hazardous but it would seem more likely 
that opening an arteriovenous fistula decreased 
the excretion of sodium by raising the percentage 
of filtered sodium reabsorbed by the tubules rather 
than by lowering the amount of sodium filtered, 
although both mechanisms may be present. It 
would be equally difficult to attempt to evaluate the 
relative importance of filtration and reabsorption 
in the decrease of water excretion produced by 
opening an arteriovenous fistula. The disparity 
between the degree of decrease in urine flow and 
the amount of sodium excreted suggests that the 
fistula may alter either the tubular transport of 
other osmotically active substances or the active 
reabsorption of water. Parenthetically, the pa- 
tency of the fistula did not modify the excretion 
of potassium in the four experiments of the ten in 
which it was studied. Since the plasma level of 
potassium remained unchanged and the filtration 
rate fell, this would imply either that the reabsorp- 
tion of potassium was decreased while the fistula 
was open, or that, as has been suggested by Ber- 
liner, Kennedy, and Hilton (10), such a con- 
stancy of the amount of potassium excreted in the 
face of changes in the amount of potassium filtered 
is due to the secretion of a constant amount of 
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potassium by the tubules into a tubular fluid es- 
sentially free of this cation. 

It is obvious that the decrease in sodium and 
water excretion produced by an acute arteriove- 
nous fistula could lead to the retention of an im- 
portant quantity of sodium and water if such a 
fistula were kept patent for a long enough period 
of time. This mechanism might well contribute to 
the increase in the extracellular fluid volume which 
is generally acknowledged to occur in patients and 
animals with a chronic arteriovenous fistula of 
some size. However, it would be hazardous to 
conclude from these experiments that the effect 
of the fistula on the renal excretion of sodium 
and water persists long enough to constitute an 
adequate explanation of the effect of such a fistula 
on the extracellular fluid volume. Furthermore, 
the retention of sodium and water could not con- 
tinue indefinitely. In this respect, one might 
postulate that once the blood volume had in- 
creased sufficiently to bring the blood flow into 
the normal capillary bed to its pre-fistula level, 
the stimulus for vasoconstriction would be re- 
moved (1), the renal functions would revert to 
pre-fistula levels, and consequently a normal bal- 
ance of sodium and water would be reestablished. 
The observations on the acute effect of opening 
an arteriovenous fistula on water and sodium ex- 
cretion are in agreement with the results of Ep- 
stein, Post, and McDowell (3) who showed that 
the closure of a chronic arteriovenous fistula in 
humans results in a sudden diuresis of sodium 
and water. In their study, however, the occlu- 
sion of such a chronic shunt did not increase the 
renal plasma flow, whereas in the present experi- 
ments the opening of an acute shunt always re- 
sults in a decrease of the renal plasma flow. The 
apparent difference between the mechanism by 
which, in the dog, the kidneys retain sodium and 
water when an acute arteriovenous fistula is 
opened and the mechanism by which, in humans, 
the kidneys eliminate an excess of sodium and 
water when a chronic arteriovenous fistula is closed, 
may represent a species difference. This dis- 
crepancy also suggests the possibility that the re- 
tention of sodium and water through a decrease 
in RPF and GFR may be only a temporary mecha- 
nism. Indeed it may well be that the increase in 
sodium reabsorption by the tubules, which seems to 
be partially responsible for the conservation of 
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sodium in these acute experiments, becomes the 
main and perhaps the only mechanisms in longer 
experiments. If such is the case, one would ex- 
pect that, as reported by Epstein, Post, and Mc- 
Dowell (3), the closing of a chronic fistula would 
result in sodium diuresis without affecting the re- 
nal plasma flow. For purely hemodynamic rea- 
sons, however, the absence of any change in renal 
plasma flow upon closing a chronic fistula is 
somewhat unexpected. 


SUMMARY AND CONCLUSIONS 


In the anesthetized dog, an acute arteriovenous 
fistula may lower the renal plasma flow by induc- 
ing renal vasoconstriction, reduce the glomerular 
filtration rate and decrease the amount of sodium, 
water, and chloride excreted. The mechanism 
of these effects as well as the possible role of 
the kidneys in the adaptation of the organism to the 
presence of an arteriovenous fistula are discussed. 
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The appearance of proteinuria in patients suf- 
fering from congestive heart failure is a common 
clinical occurrence. Since such patients, without 
any intrinsic renal disease, frequently have both 
an elevated renal venous pressure and a reduced 
renal blood flow (1), it would seem that either 
one or both of these factors may lead to protein- 
uria. 

Proteinuria has been produced experimentally 
by partial obstruction either of the renal artery or 
of the renal vein (2-5). In most of this work, 
however, studies of renal hemodynamics were in- 
complete, or when adequate pressure and blood 
flow measurements were made (6, 7), the ex- 
periments were such that it was impossible to de- 
termine specifically which hemodynamic factor 
was responsible for the appearance of the pro- 
teinuria. 

The present study was undertaken in an at- 
tempt to define further the hemodynamic changes 
responsible for the excretion of protein by the 
acutely congested kidney. 


METHODS 


Experiments were performed on 26 adult female mon- 
grel dogs weighing between 10 kg. and 30 kg. The ani- 
mals were anesthetized by the intravenous administra- 
tion of 0.45 to 0.79 ml. per kilogram of a 6 per cent solu- 
tion of sodium pentobarbital. The abdomen was opened 
through a midline incision. A plastic catheter was tied 
in each ureter and an adjustable screw clamp was placed 
around the left renal vein. A catheter was passed via the 
right jugular vein into the left renal vein and placed so 
that its tip lay distal to the clamp. This catheter was 
connected to a water manometer allowing continuous 
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measurement of the pressure in the left renal vein. A 
detailed description of the clamp and the technique used 
has been published previously (8). A continuous re- 
cording of the mean arterial blood pressure was made 
by a mercury manometer connected to the proximal end 
of the left femoral artery. 

The estimations of renal plasma flow (RPF) and 
glomerular filtration rate (GFR) for each kidney were 
made by determining the clearances of para-aminohip- 
purate (PAH) and exogenous creatinine, respectively. 
Blood samples were drawn at the midpoint of each 
clearance period from the right femoral artery through 
an indwelling needle. 

During the operative procedure the animal was given 
intravenously a priming dose of 1.5 grams of creatinine 
dissolved in 30 ml. of water. ‘This was followed by a 
sustaining infusion of an 0.85 per cent NaCl solution de- 
livered at a constant rate of 3 or 5 ml. per minute by a 
Bowman Pump for the remainder of the experiment. 
This sustaining infusion contained sufficient amcants of 
creatinine and PAH so that these substances were de- 
livered at rates of 20 mg. of creatinine per minute and 
3 mg. of PAH per minute. In some instances an addi- 
tional infusion of NaCl solution (0.85 or 1.5 per cent) 
was given during the course of the experiment. The 
reason for this will be discussed later. 

After completion of the operative procedure the ani- 
mal was allowed to recover for about 30 minutes. One 
or more control urine samples were then collected in 
order to measure the clearances and determine the pres- 
ence of proteinuria. The clamp was then tightened un- 
til the pressure in the left renal vein rose to the desired 
level. After the pressure had been elevated for 15 to 30 
minutes, consecutive urine samples were collected until 
proteinuria appeared or until the pressure had been ele- 
vated for 1 to approximately 3 hours without the oc- 
currence of proteinuria. The clamp was then released 
allowing the pressure in the left renal vein to fall freely. 
After an interval of time at least sufficient to allow the 
renal dead space to be cleared, one or more recovery 
samples were collected. 

Creatinine concentration in urine and plasma was de- 
termined by the method of Kennedy, Hilton, and Berliner 
(9). PAH concentration in urine and plasma was de- 
termined by the method of Smith, Finkelstein, Aliminosa, 
Crawford, and Graber (10). 

The method used to determine the concentration of 
protein in urine was a modification of the method of 
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Looney and Walsh (11). To 2 ml. of acidified urine 
were added 8 ml. of a 3 per cent sulfosalicylic acid solu- 
tion. Protein was considered to be present only if a 
turbidity visible to the naked eye developed after the ad- 
dition of the sulfosalicylic acid. The turbid solution was 
read against a water blank in a Coleman Junior spectro- 
photometer set at a wave length of 400A and compared 
with known protein standards containing from 10 to 100 
mg. of protein per cent. The standard solutions obey 
Beer’s Law at this wave length. Because urinary chro- 
mogens also absorb light at this wave length, the urine 
from the right (control) kidney was used as the blank 
and its light absorption was subtracted from that of the 
left in order to determine the protein concentration. The 
effect of differences in the chromogen concentration be- 
tween the urine from the left and right kidneys was cor- 
rected by diluting the urine from the kidney with the 
lesser urine flow to equal in volume the urine from the 
opposite kidney. It was observed that after such a di- 
lution the light absorption due to chromogens in the 
urine from the left and right kidneys agreed within 10 
per cent. Since the urine from the right kidney never 
developed turbidity, its light absorption was considered 
to be due entirely to non-protein material. Furthermore, 
a series of experiments was performed utilizing this pro- 
cedure to analyze urine to which known amounts of 
pooled dog plasma protein had been added. Recovery 
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within 5 per cent was obtained at concentrations ranging 
from 10 to 100 mg. per cent. 

The urine samples were not examined microscopically. 
When the urine appeared cloudy it was centrifuged. Oc- 
casionally red blood cells appeared in the centrifugate 
of the urine from one or both kidneys. In these in- 
stances if the supernatant fluid did not contain protein, 
the period was included in the negative results. If there 
was protein in the supernatant fluid the period was dis- 
carded since under the experimental conditions one could 
never be certain whether the hematuria had its origin in 
the kidneys or whether it was the result of trauma to 
the ureters by the catheter tips. 


RESULTS 


Thirty-two experiments were performed in 
twenty-six animals. Figure 1 shows the data ob- 
tained. The average control pressure in the left 
renal vein was 115 mm. of water and, as can be 
seen in Figure 1, the control venous pressure 
ranged between 65 and 175 mm. of water. After 
the pressure had been raised in the left renal vein, 
proteinuria appeared on the left side in 21 of the 
32 experiments. Protein did not appear in the 
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urine when the pressure in the left renal vein was 
less than 245 mm. of water. At pressures be- 
tween 245 and 420 mm. of water, the left kidney 
excreted protein in 17 of 27 experiments. At 
pressures above 420 mm. of water, proteinuria 
always appeared. Protein appeared in the urine 
within one hour after the venous pressure was 
raised in 18 of the 21 positive experiments. In 
the remaining three experiments the proteinuria 
appeared between 61 and 75 minutes, 80 and 110 
minutes, and 224 and 234 minutes, respectively. 
In the 11 experiments in which no proteinuria de- 
veloped, the urine samples were collected after the 
venous pressure had been elevated for at least 
one hour. The time during which the venous 
pressure was kept elevated in these 11 negative 
experiments ranged between 66 and 215 minutes, 
the average being 113 minutes. Following re- 
lease of the clamp, the left renal venous pressure 
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fell immediately to within the range of control 
values, the average pressure during the recovery 
period being 110 mm. of water. The urine collec- 
tion during recovery was begun within 9 to 30 
minutes after release of the clamp in all but one 
experiment in which, by mistake, urine collection 
was not started until 57 minutes after the clamp 
had been released. Protein was never present in 
any of the recovery urine samples collected as 
stated above. At no time did the right or control 
kidney excrete protein in the urine. 

Figure 2 shows the changes in RPF which oc- 
curred in the first 15 experiments, performed on 
11 dogs. During these 15 experiments, 33 clear- 
ance periods were observed while the left renal 
venous pressure was elevated. Proteinuria oc- 
curred in 16 of these 33 periods. These 16 posi- 
tive experimental clearance periods were obtained 
from 9 experiments on 8 dogs. As can be seen in 
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Along the abscissa are plotted the levels of the left renal venous pressure 
expressed in mm. of water during the control, experimental, and recovery 
periods. Along the ordinate are plotted the values for the RPF in the left 
kidney expressed as the percentage of the control value. Each open circle 
represents a clearance period during which no proteinuria occurred. Each 
closed circle represents a clearance period during which proteinuria oc- 
curred. The simultaneous changes in the right RPF are not plotted in 
this figure. 
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Figure 2, the appearance of proteinuria was as- 
sociated with significant falls in the RPF in 13 of 
these 16 periods. In the remaining 3 periods, 
from 2 experiments on the same animal, protein- 
uria developed without significant change in the 
RPF. In 5 of the 13 periods in which proteinuria 
was associated with a fall in the RPF, the RPF 
fell equally in both kidneys while in the remaining 
8 periods the flow fell to a somewhat greater de- 
gree in the left kidney than in the right. Although 
the RPF remained below control level in both 
kidneys during the recovery periods, protein disap- 
peared from the urine of the left kidney. 

A second series of 11 experiments on 10 ani- 
mals was performed in which attempts were made 
to prevent the fall in the RPF by shortening the 
experiments and by infusing additional NaCl 
solution during the course of the experiments. 
Table I shows the protocol of one of these ex- 
periments. In this second series of 11 experi- 
ments, 29 experimental clearance periods were 
observed and proteinuria was present in 21 of 
these 29 periods. The data from these 21 clear- 
ance periods are shown in Figure 3. In 11 pe- 
riods on 5 animals, the RPF either did not change 
or rose slightly during the experimental periods. 
In the other 10 periods on 5 animals, the RPF fell 
below control values. 

The arterial blood pressure was recorded in 24 
experiments on 21 dogs. The pressure remained 
within 10 mm. of mercury of its control level in 
16 of these 24 experiments. It rose in 3 experi- 
ments an average of 26 mm. of mercury and fell 
in 5 experiments an average of 23 mm. of mercury. 

Incidentally, the present experiments confirm 
the previous observations (2, 6, 8) that elevation 
of the renal venous pressure decreases the flow 
of urine. 


DISCUSSION 


It is apparent that in acute experiments eleva- 
tion of the renal venous pressure to 245 mm. of 
water or higher, frequently caused otherwise nor- 
mal kidneys to excrete protein. The proteinuria, 
moreover, appeared less than one hour after ele- 
vation of the venous pressure in most experiments 
and cleared very rapidly after the venous con- 
striction had been released. Nonetheless, in view 
of the 3 experiments in which the protein ap- 
peared only after longer periods of renal vein 
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constriction, one cannot exclude the duration of 
the venous pressure elevation as a factor of im- 
portance. Analysis of the data obtained in those 
experiments in which proteinuria occurred, failed 
to reveal any quantitative relationship between the 
height of the venous pressure and the amount of 
protein excreted. However, it must be kept in 
mind that the duration of the venous pressure 
elevation was not kept constant in the different 
experiments and that the effect of different levels 
of venous pressure on the protein excretion was 
not studied in the same dog. For these reasons 
a quantitative correlation between venous pres- 
sure and proteinuria cannot be excluded. 

As to the hemodynamic change or changes 
which led to the proteinuria, one possibility was 
that the venous congestion produced proteinuria 
by decreasing the renal blood flow. In experi- 
ments on a dog heart-lung-double-kidney prepara- 
tion in which the venous pressure was raised in 
one kidney while in the contralateral kidney the 
perfusion pressure was reduced sufficiently to 
result in an equal urine flow from the two kidneys, 
Winton (6) observed three occasions on which 
the congested kidney excreted protein while the 
urine from the kidney subjected to a reduced 
perfusion pressure contained no protein. This 
suggests that the elevation of the venous pres- 
sure was the critical factor leading to proteinuria. 
In Winton’s preparations, however, the blood flow 
was always less in the congested kidney than in 
the contralateral kidney, and since Starr (5) has 
reported proteinuria following compression of 
the renal artery alone, reduction in blood flow 
could not be excluded as a causative factor of the 
proteinuria in Winton’s experiments. 

In the present series of 15 experiments plotted 
in Figure 2, proteinuria was usually associated 
with significant falls in the RPF. However, it 
seemed unlikely that in these experiments the re- 
duction in blood flow was the only cause of the 
proteinuria since protein was never excreted by 
the right kidney although the decrease of the 
RPF in the right kidney was comparable to that 
of the RPF in the left kidney. Furthermore, fol- 
lowing release of the venous constriction, the pro- 
teinuria always disappeared promptly despite the 
fact that the RPF remained depressed or fell even 
further during the recovery periods. 

Although a reduction in rena! blood flow could 
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TABLE I 
Protocol of one of the experiments plotted in Figure 3 


Pressure Protein Creatinine Renal plasma Mean Left 
in left excretion clearance low Filtration al total 
renal (mg./min.) (ml./min.) (ml./min.) fraction blood renal 
(minutes) (mm. Hg) L R L R L R L R mm. Hg) ance* 
Weight: 16.0 kg. 
-41 Primer: Creatinine 1.5 grams 5 is 
—~40 Start of administration of infusion No. 1 (0.85% NaCl solution containing 0.6% of creatinine and 0.1% of 
PAH) at rate of 3 ml./min. ‘ i 
-37 Start of administration of infusion No. 2 (0.85% NaCl solution) at rate of 1 ml./min. 
0-15 9 0 0 30 29 78 78 38 37 164 1.99 
16 31 
35-55 31 .22 0 29 29 78 78 37 37 158 1.63 
55-65 31 18 0 30- 30 79 77 38 39 157 1.59 
65 Increase rate of administration of infusion No. 2 to 5 ml./min. 
70-90 31 .28 0 29 28 81 75 36 es 156 1.54 
90 Reduce rate of administration of infusion No. 2 to 1 ml./min. 
90-110 31 35 0 27 27 76 74 36 aT 156 1.65 
117 10 
130-150 9 0 0 28 27 73 71 38 38 162 2.10 


* Total renal resistance R = 


not be the only factor leading to the excretion of 
protein in these experiments, it remained possible 
that the combination of an elevated venous pres- 
sure and a reduced blood flow was necessary for 
the appearance of proteinuria (7). However, as 
shown in Figure 2, proteinuria occurred in 3 pe- 
riods during which the left renal venous pressure 
was raised and the RPF had not changed. This 
observation suggested that the elevation of the 
venous pressure alone might have been the only 
cause of proteinuria. That this latter view was 
correct was confirmed by the results of the series 
of experiments plotted in Figure 3 in which ele- 
vation of the renal venous pressure caused protein- 
uria even when the RPF remained the same or 
rose slightly. 

In view of the fact that Adrenalin® and ephed- 
rine can induce proteinuria, presumably by caus- 
ing renal vasoconstriction (5), one wonders 
whether elevation of the venous pressure might 
not act by inducing such a vasoconstriction. This 
mechanism seemed unlikely. Indeed, in the se- 
ries of experiments of Figure 2, protein was never 
excreted by the right kidney although in some 
of these experiments there was evidence of vaso- 
constriction in this kidney since the arterial blood 
pressure remained relatively constant while the 
RPF fell and the filtration fraction (FF) rose. 


Mean Arterial Pressure (mm. Hg) — Renal Venous Pressure (mm. Hg) 


RPF (ml./min.) 


As a matter of fact, decreases of RPF as marked 
as 50 per cent were not accompanied by protein- 
uria. Furthermore, in the 5 experiments of Fig- 
ure 3 in which venous pressure elevation induced 
proteinuria in the presence of an unchanging or 
rising RPF, proteinuria occurred in the face of a 
decreasing total renal resistance in all 5 cases, since 
the arterial blood pressure remained constant while 
the RPF remained unchanged or rose and the FF 
decreased. In these 5 experiments one must pos- 
tulate dilatation at least of the efferent arteriole.® 
Therefore, it appears that at least in these ex- 
periments, the proteinuria was due to the eleva- 
tion of renal venous pressure per se and not to 
renal vasoconstriction or decreased renal blood 
flow induced by the elevation of the venous pres- 
sure. 


SUMMARY 


In an experimental study of the pathogenesis of 
proteinuria in the acutely congested kidney of the 
anesthetized dog, it was found that: 

1. Proteinuria appeared frequently following 
acute elevation of the renal venous pressure to 
levels of 250 mm. of water or higher ; 

5 No attempt was made to calculate separately the re- 
sistance of the different segments of the renal vascular 
bed because under the conditions prevailing it appeared 
doubtful that Gomez’ equations (12) were applicable. 
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2. Proteinuria occurred within one hour fol- 
lowing elevation of the renal venous pressure in 
most animals, and disappeared promptly upon 
lowering the venous pressure to control levels; 

3. Proteinuria appeared to be due to the rise in 
venous pressure and independent of changes in 
renal blood flow. 
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In 1946, Rahn, Otis, Chadwick, and Fenn (1, 
2) described a method for obtaining relaxation 
pressure-volume data for conscious subjects. Es- 
sentially the method requires that the subject in- 
spire a measured volume, then close his mouth 
and nose and relax his respiratory muscles. Dur- 
ing the period of relaxation, the pressure in the 
airway is measured by a manometer connected to 
a nasal tube; this pressure is assumed to equal 
alveolar pressure if the glottis is open and there 
is no airflow. Similar pressure measurements 
are made at the end of inspirations of different 
volume, and a relaxation pressure-volume curve 
plotted. Muscular relaxation is essential for this 
measurement if it is intended to give information 
about the balance between the elastic forces of 
the lungs and those of the remainder of the thorax, 
uninfluenced by active or reflex contraction or 
tonus of the respiratory muscles. 

The method of Rahn, Otis, Chadwick, and Fenn 
(1) appeared to be a simple technique for deter- 
mining the elastic properties of the thorax of pa- 
tients with cardiopulmonary disease and accord- 
ingly we applied it to a group of normal subjects 
and patients. However, we had considerable dif- 
ficulty in obtaining reproducible curves in many 
of these (Figure 1). Occasionally, this was due 
to the subject’s inability to keep his glottis open 
but more often it appeared to be related to his 
inability to relax his respiratory muscles at end- 
inspiration. This led us to speculate whether 
even a cooperative and well trained subject, hav- 
ing inspired to certain volumes, could voluntarily 
relax all of his inspiratory and expiratory muscles 
and relax these completely at all lung volumes. 
To test this, we obtained pressure-volume data in 
20 anesthetized patients made apneic either by 


1 Present address: Veterans Administration Hospital, 
West Haven, Conn. 

2 Philadelphia General Hospital, Philadelphia, Pennsyl- 
vania. 


hyperventilation or by the injection of neuromus- 
cular blocking agents and compared these with 
the data of Rahn, Otis, Chadwick, and Fenn (1). 
We found that at a given volume-inflation of the 
lungs, the pressure was about two times as great 
in our anesthetized patients as in the conscious 
subjects. To eliminate the possibility that this 
finding was due to different physical character- 
istics of our subjects as compared with Rahn’s, we 
studied a second group of six patients in whom 
pressure-volume curves were obtained when the 
patient was unanesthetized and “relaxed” and 
then again after the patient had been anesthetized. 
Again the thorax was less compliant when the 
subjects were anesthetized. 


METHODS 


The physical characteristics of the patients are pre- 
sented in Table I. The patients were about to undergo 
surgical procedures under general anesthesia but all were 
free from clinical pulmonary disease except for patient 
No. 5 who had mitral stenosis and No. 20 who had a 
right apical lung cyst. All patients were anesthetized 
and studied in the supine position, with two exceptions 
(see Table I). In most cases, a cuffed endotracheal 
tube, nasopharyngeal tube or oral airway was intro- 
duced to insure an open airway. Just before the meas- 
urements of pressure and volume were made, apnea was 
produced by passive hyperventilation with high oxygen 
mixtures or by the injection of decamethonium bromide or 
succinyl choline chloride (Table I). Then one arm of a 
four-way metal tube (Figure 2) was attached to the anes- 
thesia mask or endotracheal tube, a second arm to a 
Benedict-Roth spirometer writing on a rapid kymograph, 
a third arm to the anesthesia machine and the fourth to 
an anaeroid manometer. Hemostat B was closed, the 
lungs were inflated by pressure on the anesthesia bag 
and then hemostat A was also closed. After reading 
the pressure in the static mask-airway-lung system, he- 
mostat B was removed, permitting the lungs to deflate 
passively to their resting expiratory level; the expired 
volume was recorded on a kymograph and corrected to 
B.T.P.S. Between measurements, the anesthetist em- 
ployed controlled respiration in order to maintain anes- 
thesia and/or produce adequate ventilation. Five to 20 
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relaxed state after the patient had been trained. Open circles are values ob- 


measurements of various pressures (2 to 30 cm. H,O) 
and the corresponding volumes were made over a five- 
minute period and pressure-volume curves were graphed 
(3). The scatter of points about free-hand drawn curves 
was small in all subjects. Because these were curves, no 
single value for compliance (cc. volume change per cm. 
H,O pressure change) could be used to express the data. 
We decided arbitrarily to measure the volume increase 
at 20 cm. H,O pressure in order to compare data in dif- 
ferent individuals (Tables I and II). 

In patients number 21 to 26, relaxation pressure meas- 
urements (method of Rahn) were also made before 
pre-anesthetic medication was given; measurements were 
repeated within three hours on the same patients in the 
anesthetized state. 


RESULTS 


The compliance of the thorax of anesthetized pa- 
tients number 1 to 20 was found to be far less than 


tained after apnea was produced by anesthesia and succinyl choline. 


that reported by Rahn for 10 conscious, relaxed, 
supine subjects. This was true whether the data 
were compared as per cent of vital capacity (Fig- 
ure 3) or as volumes above the resting expira- 
tory level (Figure 4). Our patients were pre- 
dominantly female and their average age (42.5 
years) was considerably greater than that of 
Rahn’s subjects. However, the dissimilar physi- 
cal characteristics of the two groups of subjects 
cannot explain these differences because patients 
number 21 to 26 (all female, average age 33 years) 
had pressure-volume data similar to those obtained 
by Rahn when they were studied in the conscious, 
“relaxed” state. Nevertheless, compliance de- 
creased markedly when these six patients were 
anesthetized and made apneic by hyperventilation 
or succinyl choline (Table III). 
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TABLE f 
Thoracic 
compliance 

Ht. Wt. V.C.t B.P. Type of Type of at20cm.H:0 

No. Patient Sex Age (in.) (lbs.) (ce.) (mm. He) airwayt Anes.t apneat (cc./em.H20) 
1 Pr. D. F 41 101 120/70 O. M. T.N. H.V. 48 
2 L. W. F 47 65 136 ta 140/100 E. €. H.V. 59 
3 E. H. F 32 69 189 3,500 150/80 N. M. T.N.E. D., H.V. 90 
+ K. S. F 20 65 110 ¢3t805 130/70 N. M. T.N. D. 99 
5 K. B. F 36 62 119 3,150 110/80 E. C.E. H.V. 73 
6 M. M. F 49 65 145 (2,350) 185/110 E. T.C.E. H.V. 69 
7 i D. M 42 74 240 4,250 120/80 E. Sandy. H.V. 59 
8 4 A F 41 120 120/80 E. T.C.E. H.V. 59 
9 P. B. F 21 64 111 (3,250) 90/20 N. M. cp D. 81 
10 ee F 50 225 140/80 N. M. A D. 55 
11 B. G. F 44 59 125 (2,700) 240/130 E. C.E. H.V. 48 
12 ae i: F 58 67 160 (2,720) 110/70 E. C.E. H.V. 65 
13 A M 45 70 105 3,760 125/70 E. yp oe H.V. 100 
14 M. S. M $1 66 145 ees 70/60 E. ck. H.V. 97 
15 H. K. F 29 62 135 3,150) 130/80 O. M. N.E. H.V. 55 
16 F 66 61 136 (2,010) 140/100 E. D., H.V 42 
17 SF F 29 63 123 (3,200) 120/70 O. M. N.E. H.V. 62 
18 P. D. F 62 66 190 1,710 140/80 E. Ta H.V. 21 
19 OR od M 43 70 164 2,940 140/90 E. T.C.E. H.V. 91 
20 7 M 44 64 165 (4,060) 100/60 E. T.C.E. H.V. 64 
21 ies F 30 61.5 116 1,840 90/50 M. Be 4 51 
22 M. McC. F 22 61.5 97 2,680 90/40 M. 7; 3% 75 
23 B. B. F 53 62.5 200 3,000 198/110 M. : 4 H.V. 57 
24 Cc. W. F 36 61 110 2,500 140/80 M. ; 2 S. 54 
25 M. B. F 34 61 128 2,750 140/70 M. A H.V. 63 

26 D. W. F 24 64 135 2,120 100/70 E. M. T.N.C. S., H.V. 63, 46 


* All patients were supine except for No. 6 (left lateral nephrectomy position) and No. 20 (left lateral thoracotomy 


position). 


+ All patients received morphine preoperatively (with scopolamine or atropine) except for No. 5 (Demerol ®+ 


atropine) and No. 26 (scopolamine alone). 


t Parentheses around number means V.C. was calculated from physical data; otherwise V.C. = measured value. 
E = cuffed endotracheal tube; O = oral airway; N = naso-pharyngeal airway; M = mask. T = thiopental; N = 


N:O — O2; C = cyclopropane; E = ether. 
lation. 


DISCUSSION 


The purpose of these experiments was to meas- 
ure the elastic properties of the thorax of man, 
uninfluenced by contraction or tone of the respira- 
tory muscles. In order to eliminate the effect of 
conscious muscular effort, the studies were done 
on anesthetized patients. Our experience with 


D = decamethonium bromide; S = succinyl! choline; H.V. = hyperventi- 


anesthetized animals (3) however, indicated that, 
because of interference by pulmonary reflexes, we 
would not obtain satisfactory pressure-volume 
curves unless the anesthesia was deepened to the 
point of respiratory failure. Since such deep anes- 
thesia in man would neither be safe nor yield 
physiological data, we decided to eliminate rhyth- 
mic respiratory movements by (a) hyperventilat- 


TABLE II 
Values for compliance of human thorax 


Number of subjects Mean values 
(cc./cm. HxO at 20 
Method and investigator Male Female cm. H:O pressure) 
Conscious subject, relaxation pressures 0 9 1 130 
Conscious subject, relaxation pressures (2 8 0 139 
Conscious subject, relaxation pressures 3 9 111 
(present work) 
Conscious subject in body respirator 3 3 0 118 
Conscious subject in body respirator (5) 2 0 115 
Anesthetized, apneic subjects (present work) 5 2 62 
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For details of use, see text. 
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747 


3200F 4 


2800 


2400F 


CONSCIOUS 


° 2000 
2 


VOLUME 


1200 Fr 


ANESTHETISED, 


800F NM BLOCK q 


400} 


PRESSURE - CM H20 


Fic. 4. CoMPARISON OF VALUES FOR COMPLIANCE IN 
S1x PATIENTS IN THE Conscious, RELAXED STATE AND 
AFTER APNEA INDUCED BY SUCCINYL CHOLINE AND 
ANESTHESIA 


ing patients under surgical anesthesia with high 
oxygen mixtures or (b) supplementing the anes- 
thesia with neuromuscular blocking agents. Ade- 
quate amounts of the latter agents probably elimi- 
nate all contractions and tone of the respiratory 
muscles. There is no assurance that hyperventila- 
tion abolishes tone; however, increase in arterial 
Pco, increases inspiratory tone in the apneustic 
animal (6) and presumably a decrease in arterial 
Pco, has the opposite effect. 

There is no doubt from the experiments in 
which each patient was used as her own control 


TABLE Ill 


Compliance of thorax at 20 cm. H20 pee 
(increase in volume above F.R.C.) 


Anesthetized 


Patient Conscious +Succinyl +Hyper- 
No. “relaxed” choline ventilation 
21 2,120 1,010 
22 2,360 1,490 _— 
23 1,800 _— 1,140 
24 1,700 1,080 _ 
25 2,380 —_ 1,260 
26 1,590 1,260 920 
Mean 1,992 1,210 1,107 
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that the thorax was less compliant when the pa- 
tient was anesthetized and apneic than when she 
was conscious and “relaxed.” One might con- 
clude from this that “relaxation” pressure curves 
in conscious subjects do not in fact provide a true 
measure of elastic forces because inspiratory tone 
still exists and creates a larger thorax than in the 
truly relaxed state. This conclusion is strength- 
ened by the studies of Gordon, Fainer, and Ivy 
(7) who found that manual methods of artificial 
respiration always produced a greater tidal ex- 
change when the subject was conscious and “vol- 
untarily suspended” his breathing than when the 
same subject was anesthetized and curarized ; they 
attributed this to the inability of subjects to sup- 
press completely “normal respiratory mechanisms 
and the desire to breathe.” 

However, before such a conclusion can be ac- 
cepted, it must be shown that the anesthesia, hy- 
perventilation or neuromuscular blocking agents 
have not produced changes in the properties of 
the lungs and other thoracic structures other than 
the suppression of muscular contraction and tone. 
Some of these alterations might be: 

(a) Bronchial obstruction. It is possible that 
anesthesia, hyperventilation, the use of drugs, or 
the insertion of an endotracheal tube, may lead to 
bronchial obstruction by constriction of bronchio- 
lar smooth muscle, mucosal edema or congestion 
or the secretion of mucus. It is known that 
bronchiolar obstruction may decrease lung com- 
pliance* by reducing the lung volume in com- 
munication with the ambient air (8) and possibly 
also by a “stiffening” of lung tissue; indeed, in- 
tense bronchiolar constriction may result in a 
pressure-volume curve that is essentially that for 
the tracheal-bronchial tree (9). We were unable 
to measure absolute values for F.R.C. in the op- 


3 The term “lung compliance” is used in this paper to 
mean the increase in Jung volume per unit pressure 
change. The term “thoracic compliance” is used to de- 
note the increase in thoracic volume per unit pressure 
change applied to the airway; “thoracic compliance” in- 
cludes compliance of the lung plus that of the chest wall 
and its muscles, the diaphragm and intrathoracic struc- 
tures displaced by inflation of the lungs. “True thoracic 


compliance” is used to denote the increase in thoracic 
volume per unit pressure change applied to the airway 
when no voluntary or involuntary skeletal muscle con- 
traction or contracture assists or resists the volume 
change. 


R. G. NIMS, E. H. CONNER, AND J. H. COMROE, JR. 


erating room and we have no certain way of know- 
ing whether the airways to some alveoli were oc- 
cluded completely. However, if the changes in 
compliance were due to this factor alone, approxi- 
mately 40 per cent of the airways must have been 
completely occluded. 

(b) Pulmonary congestion. Price, Conner, 
and Dripps (10) have found that prolonged deep 
anesthesia with cyclopropane may lead to 
changes suggestive of pulmonary congestion; an- 
esthesia with Pentothal® does not produce similar 
effects. We did not use Price, Conner, and 
Dripps’ technique and cannot be sure that pul- 
monary congestion did not occur as a result of the 
use of anesthesia or neuromuscular blocking 
agents. However, the change in compliance noted 
in our studies occurred in patients anesthetized 
with ether, thiopental, and nitrous oxide as well 
as with cyclopropane and occurred whether an- 
esthesia was deep or light (apnea produced by 
neuromuscular blocking agents). 

(c) Change in skeletal muscle tone. It is pos- 
sible that hyperventilation, by a reduction in ar- 
terial Pco,, may lead to a decrease in inspiratory 
and an increase in expiratory tone of the respira- 
tory muscles and that this may lead to a further 
decrease in compliance. However, neuromuscular 
blocking agents are believed to paralyze both the 
inspiratory and expiratory muscles of respiration. 
The resting expiratory level was recorded in six 
additional patients during the administration of 
succinyl choline and indicated that a mean increase 
in F.R.C. of 257 cc. occurred. This rules out con- 
tracture of the expiratory muscles but does not 
eliminate the possibility of a contracture of the in- 
spiratory muscles. Both decamethonium and suc- 
cinyl choline are capable of causing contracture of 
skeletal muscle in some species but, in man, they 
generally lead to transient fasciculation followed 
by flaccid paralysis. In our studies, decame- 
thonium and succinyl choline were administered 
until complete apnea developed. 

(d) Changes in vagal reflexes. Certain anes- 
thetic agents sensitize vagal stretch receptors and 
lead to rapid shallow respiration (11); although 
these effects would not be apparent in an apneic 
patient, they might be reflected in an increased 
tone of respiratory muscles. Culver and Rahn 
(12) and Van Liew (13) have shown that va- 
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gotomy is followed by increased thoracic compli- 
ance * in anesthetized dogs. From this, it ap- 
pears that the vagi carry tonic impulses which 
contribute to decreased thoracic compliance, pos- 
sibly to prevent overdistention of pulmonary tis- 
sues. Nevertheless, afferent vagal impulses should 
not be able to exert any influence after complete 
neuromuscular block has been produced, as in 
these studies. 

(e) Artefacts. Rahn measured inspired vol- 
ume whereas we measured the volume expired af- 
ter lung inflation. The positive intrapulmonary 
pressure used in our studies may reduce pulmo- 
nary blood volume, thus allowing more room for 
air; however, correction for this factor would 
yield still lower values for compliance in our an- 
esthetized patients. 


CONCLUSIONS 


We have no certain way of determining whether 
the true value for compliance of the thorax,’ un- 
influenced by contraction or tone of the muscles of 
respiration, is that obtained in conscious, “re- 
laxed” man or in anesthetized, apneic patients. 
We suspect that the value obtained in conscious 
man is too high because man may be unable volun- 
tarily to suppress completely the tone of his in- 
spiratory muscles. However, we have not been 
able to prove that the only important change in 
our apneic patients is the production of flaccid 
paralysis or to rule out, by direct means, the pos- 
sibility that compliance is abnormally low because 
of changes produced by anesthesia, intubation, 
drugs or hyperventilation. 

Regardless of which values are closer to the 
normal, the data obtained by us in anesthetized 
patients are certain to be closer to the true values 
for compliance in narcotized or apneic patients in 
need of artificial respiration (14) and these val- 
ues, rather than those obtained in conscious per- 
sons, should be the ones used in the design of ap- 
paratus for artificial respiration. It is also im- 
portant for the anesthetist, using controlled res- 
piration, to realize that anesthetized patients have 


decreased thoracic compliance, compared to “nor- 


mal” values in the literature. 

The method used in this study requires no 
special apparatus and could be used routinely by 
anesthesiologists to determine changes in compli- 
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ance and the effectiveness of controlled respira- 
tion in terms of tidal volume. 


SUMMARY 


1. Pressure volume data for the thorax were 
obtained in 26 patients, under surgical anesthesia, 
made apneic by passive hyperventilation or by the 
injection of decamethonium bromide or succinyl 
choline. In six of these patients, relaxation pres- 
sure-volume data were also obtained in the con- 
scious state shortly before anesthesia was induced. 

2. The compliance of the thorax (cc. volume 
change per cm. H,O pressure change) was greater 
in the conscious, “relaxed” state than in the an- 
esthetized patients with complete apnea. 

3. Reasons are given for considering that con- 
scious individuals may not be able to relax com- 
pletely their respiratory muscles and that values 
for compliance in the conscious “relaxed” state 
may include not only a measure of the elastic 
forces of the thorax but also a measure of “assist- 
ance” by the tone of the inspiratory muscles. Val- 
ues obtained in patients with neuromuscular block 
may be closer to true values for compliance of the 
thorax, uninfluenced by muscle tone or contrac- 
tion. 
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In view of the well recognized differences be- 
tween sickle and normal hemoglobin (1, 2), it was 
thought that a comparative study of the affinities 
of sickle and normal hemoglobin for oxygen as 
shown by the oxyhemoglobin dissociation curve 
would be of interest. 


MATERIAL AND METHODS 


Material: A large number of African blood donors 
were tested for the sickling phenomenon using the sodium 
hydrosulphite technique (3). 

All donors were healthy mine laborers acclimatized to 
manual work on the Witwatersrand Goldfields. Of the 
seven subjects studied with the sickle cell trait, two came 
from Angola, two from Nyasaland and one each from 
Portuguese East Africa and Tanganyika. The seventh 
subject was a South African born Indian. One of the 
cases of sickle cell anemia studied has been described in 
greater detail elsewhere by Altmann (4). The three 
other cases of anemia were South African born Indian 
children all over 4 years of age whose grandparents came 
from Surat, near Bombay. Controls were selected from 
European hospital patients admitted for unrelated com- 
plaints. All cases of the trait studied had been resident 
at the altitude of Johannesburg! for a minimum of 10 
weeks. The cases of anemia were all permanent resi- 
dents of Johannesburg. 

Method: Arterial blood was drawn directly into hepari- 
nized syringes. Twelve ml. samples were equilibrated in 
tonometers of approximately 90 ml. capacity for 20 min- 
utes at 37° C. with gas mixtures containing nitrogen, car- 
bon dioxide and oxygen in varying amounts so as to 
give three or four points on the dissociation curve. The 
carbon dioxide was maintained at a gas tension of ap- 
proximately 34 mm. Hg which is the average normal 
alveolar CO, tension for this altitude1 (5). After equili- 
bration the blood samples were stored in syringes at 
approximately 4° C. until they were analyzed on a Van 
Slyke-Neill manometric apparatus. Analyses were com- 
pleted in duplicate within ten hours of drawing the sam- 
ples and were required to agree within .1 vols. per cent. 


1 5780 feet above sea level. 


The gas samples were analyzed on a Haldane apparatus 
with a burette of 10 ml. capacity. 

The cell pH of each sample was calculated from the 
Henderson-Hasselbalch equation with values of cell pK 
taken from the nomogram of Keys, Hall, and Barron 
(6). The cell pK of the blood of patients with sickle cell 
anemia could not be derived from this nomogram but was 
calculated directly from the formula for cell pK based on 
work by Stadie and Hawes (7) from which the nomo- 
gram of Keys, Hall, and Barron (6) was derived. Cor- 
rection of the position of curve according to the cell pH 
was carried out by use of the factor of Keys, Hall, and 
Barron (6) to permit comparison of curves at a constant 
cell pH (in this case 7.1). The logarithm of the value 
for pO, so corrected was plotted against the correspond- 
ing percentage saturation and the line of the dissociation 
curve was drawn to fit the experimental points as closely 
as possible, assuming it to be parallel to the normal curve 
described by Dill for blood pH 7.4 (5). From the curve 
so obtained the pO, corresponding to a saturation of 50 
per cent was obtained for each individual case. By using 
these corrections it was hoped that differences in the 
position of the curves due to differences in cell pH could 
be eliminated. However, in view of the fact that the cal- 
culations of Stadie are based on observations on normal 
hemoglobin, it is possible that this correction for cell pH 
may be invalid for sickle hemoglobin. For this reason 
Table I includes for comparison values for pO, for Hb= 
HbO, at the cell pH of blood in the tonometers uncor- 
rected to a cell pH of 7.1. 


TABLE I 


Sickle 
cell 
trait 


Number of cases 7 
HbO; vols. % (Mean) 19.95 
pCO, in tonometers (Mean) 34.2 
Calculated cell pH (6) 
Mean) : 7.08 
pO: for Hb = HbO; at cell 
pH of blood in tonometers 
(Mean) 
Standard deviation 
pO: for Hb = HbO; at cell 
pH of 7.1 (Mean) 
Standard deviation 
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ILLUSTRATION OF THE EXPERIMENTAL PoINTs FROM WHICH THE DISSOCIATION CURVES 


WereE DERIVED 


pO, values have been corrected to a cell pH of 7.1. 


The normal curves for blood pH of 7.6, 


7.4, and 7.2, shown in continuous lines, are taken from the work of Dill (5). 


RESULTS 


Results are tabulated in Table I, and are repre- 
sented graphically in Figure 1 which shows the in- 
dividual points from which the curves were 
derived. 

The significance of the differences of the mean 
pO, for Hb = HbO, of normal bloods on the one 
hand and in cases of sickle cell trait and sickle cell 
anemia on the other hand has been tested us- 
ing Student’s t test (8). The mean pO, for Hb = 
HbO, of the sickle anemia bloods is significantly 
different from the pO, for Hb = HbO, of normal 
blood (p > .01) when considered both at the cell 
pH of blood in the tonometers and at a cell pH of 
7.1. The curve of one of the sickle anemias studied 
showed much less displacement to the right than 


the others (pO, for HbO, at cell pH of blood in 
tonometers was 30.1 mm.). This case had been 
admitted to hospital acutely ill in a crisis and had 
received many transfusions in the course of treat- 
ment, so that only about 30 per cent of circulating 
hemoglobin at the time of study was the patient’s 
own. This no doubt accounts for the much less 
significant shift in position of this curve compared 
to curves on the other three cases of anemia stud- 
ied in whom over 98 per cent of the hemoglobin 
present was abnormal. 

The mean pO, for Hb = HbO, of the cases with 
the sickle cell trait is also greater than the cor- 
responding value for normal blood both at the cell 
pH of blood in the tonometers and at a standard 
cell pH of 7.1 but this difference is not statistically 
significant (p = .2 to .1). 
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DISCUSSION 


The techniques used in this study have been 
criticized by Lambertsen, Bunce, Drabkin, and 
Schmidt (9) whose experiments, using spectro- 
photometric techniques, suggested that the true 
dissociation curve for hemoglobin at a blood pH 
of 7.4 lies to the left of the curve of Dill (5). 
Our mean normal curve (pO, for Hb = HbO, = 
26.6 mm. Hg) also lay to the left of Dill’s curves 
(pO, for Hb = HbO, = 26.3 mm. Hg) though 
this difference in position does not appear to be 
of any statistical significance. The altitude at 
which these studies were carried out (5780 ft. 
above sea level) may have been the reason for the 
slight shift to the left in position of our normal 
curve (6). However, the interest in these re- 
sults lies not so much in the position of the normal 
dissociation curve at this altitude as in the dif- 
ference between its position and that of the cases 
of sickle cell anemia or trait. 

Only one record of the oxygen dissociation curve 
of whole blood from a case of sickle cell anemia 
was found in the literature (10). In this report 
the curve of the case of anemia is shown graphi- 
cally to be shifted to the right of a normal curve 
which on scrutiny is found to be in the position of 
Dill’s normal curve at blood pH of 7.2. It is not 
clear from the text if the curve of the anemia sub- 
ject was corrected to the same cell pH as the nor- 
mal with which it was compared. The authors 
concluded that the shift in the position of the 
curve was not peculiar to the sickle blood but was 
probably due to anemia and a decrease in the cell 
pH coincident with insufficient oxygenation. 

Other workers have reported a similar shift to 
the right of the dissociation curve in various types 
of anemia even when the cell pH, carefully con- 
trolled, is comparable to that of the normal curves 
used in comparison (11-13). Dill and his co- 
workers (11) produced evidence to show that in 
pernicious anemia there was certainly a relative 
alkalosis of the serum and probably relative aci- 
dosis of the cells. These changes they felt were 
quite sufficient to account for the shift in position 
of the curve which returned to a normal position 
when adequate treatment had led to a return to 
normal in the blood count. 

Kennedy and Valtis (13) also found that the 
oxygen dissociation curve of blood of cases of Ad- 
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disonian anemia and cases of hypochromic anemia 
lay to the right of that of normal blood, but this 
shift in position was not demonstrated in cases of 
hemolytic anemia. They too drew attention to the 
lowered cell pH as a factor which may have been 
responsible for the shift of the curve to the right 
but concluded that this was not the only factor as 
some displacement to the right was apparent even 
when results were corrected to a constant cell pH. 

It is quite possible that the lowered cell pH may 
have been responsible for some of the displace- 
ment of the dissociation curves found in the sickle 
cell anemia bloods studied here. In support of 
this, the cell pH calculated by the method of Keys, 
Hall, and Barron (6) was lower in the cases of 
anemia than it was in the normal series (see 
Table I). As has been mentioned the corrections 
to a constant cell pH may not be valid here as 
they are based on data for normal hemoglobin and 
may not be applicable to sickle hemoglobin. Thus 
one may not assume that the corrections applied 
here ruled out the effects of variations in the cell 
pH on the position of the curve. However, it 
seems most unlikely that a cell pH so slightly dif- 
ferent from the normal should be solely responsi- 
ble for the striking shift of the curve of sickle 
anemia blood to the right (13), and some other 
factor must be contributing to the shift in position. 

A factor which may have influenced the position 
of the curve is, of course, the pCO,. Table I in- 
dicates that despite efforts to keep the pCO, con- 
stant in all studies, the mean pCO, for the experi- 
mental points calculated in the cases of sickle cell 
anemia was higher than the mean pCO, for the 
normal group or the group exhibiting the trait. 
Nevertheless, the studies of Haldane and Priestley 
(14) make it reasonably certain that a difference 
of 4.3 mm. Hg in pCO, could not on its own ac- 
count for a shift in dissociation curve of the extent 
noted in the cases of sickle cell anemia. 

On the other hand changes in the cell environ- 
ment, particularly electrolyte changes, may well 
have been most important in influencing the posi- 
tion of the curve. Such an explanation could rec- 
oncile the results reported here with the studies of 
Wyman and Allen (15) who showed that the dis- 
sociation curve of dialyzed solutions of sickle 
hemoglobin is no different from the dissociation 
curve obtained on dialyzed solutions of normal 
hemoglobin similarly prepared. In other words 


: 
“ 
F 
: 
3 
3 


754 


the difference in the oxygen affinities of sickle 
anemia hemoglobin and normal hemoglobin is ap- 
parently only demonstrable when the two types of 
hemoglobin are studied in their natural plasma 
environment. The influence of the hemoglobin 
environment on the oxygen dissociation curve has 
been previously demonstrated by Wyman, Allen, 
and Smith (16) who showed that the differ- 
ence in the oxygen affinities of fetal and normal 
hemoglobin was due to dialyzable factors. An 
analogous situation appears to have been demon- 
strated here in the difference between the oxygen 
affinities of sickle and normal hemoglobin. The 
hypothesis that the hemoglobin environment is 
responsible for the difference in oxygen affinity 
demonstrated here appears to fit our findings bet- 
ter than the suggestion that the difference in oxy- 
gen affinity is due to differences in the inherent 
properties of the two hemoglobins. 

The conclusions to be derived from our studies 
on sickle trait hemoglobin are confused by the re- 
sults in one case of sickle cell trait which differed 
greatly from the other 6 cases. Excluding this 
one case the mean pO, for Hb = HbO, of sickle 
trait hemoglobin was significantly different from 
the mean normal pO, for Hb = HbO, (p= > 
01). When this case is included, the scatter of 
results makes the difference of no statistical sig- 
nificance (p= .2 to .1). On account of the un- 
usual results, this case was studied on three sepa- 
rate occasions within a period of 3 months to make 
certain that technical errors could not have ac- 
counted for the result obtained (pO, for Hb = 
HbO, was 22.8 mm.). Electrophoretic studies on 
the blood of this case gave results similar to those 
in the other cases of the sickle cell trait and con- 
sequently afforded no reason for the curve of this 
ease being so differently placed from the curves of 
the other sickle trait blood examined. The rarity 
of the sickle cell trait in South Africa has made it 
not possible to determine, by the study of a larger 
series, if the exceptional case in the present series 
of 7 must be regarded as significant. 


SUMMARY AND CONCLUSIONS 


1. The oxygen dissociation curve of blood from 
4 cases of sickle cell anemia studied by the in 
vitro tonometer method was significantly displaced 
to the right of the dissociation curve of blood from 
10 normal subjects. 
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2. The oxygen dissociation curve of blood from 
7 cases of sickle cell trait studied by the same 
method showed no such significant displacement. 

3. These observations in conjunction with the 
work of Wyman, Allen, and Smith (15, 16) on 
the oxygen affinity of dialyzed solutions of sickle 
and normal hemoglobin are consistent with the 
hypothesis that this difference in oxygen affinity 
is due to dialyzable factors, i.e., the serum environ- 
ment of the cell rather than actual differences be- 
tween the affinity of normal and. sickle anemia 
hemoglobin for oxygen. 
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Apoferritin is the protein which may play a 
part in the transport system for iron in the gastro- 
intestinal cells and which serves as the main reser- 
voir of storage iron in the liver and spleen. In 
combination with iron it is called ferritin. The 
oral administration of iron to an animal has been 
shown to stimulate the formation of apoferritin in 
the mucosa of the gastrointestinal tract. Granick 
(1) reported that there is a marked increase in 
the amount of crystallizable apoferritin chiefly in 
the mucosa of the upper intestinal tract of guinea 
pigs fed iron. Gabrio and Salomon (2) demon- 
strated that considerably more ferritin could be 
isolated from the intestinal mucosa and adjacent 
lymph nodes of a horse fed iron in comparison 
with an untreated control. Since the precipitin 
method of isolation employed by the latter in- 
vestigators does not distinguish between apofer- 
ritin and ferritin, it is assumed that the total 
amount of iron storage protein was increased 
following the priming of animals with iron. 

The present study indicates that while the in 
vivo incorporation of glycine labelled with C** 
into ferritin (apoferritin plus ferritin) is increased 
by oral administration of iron, intraperitoneal in- 
jection of iron is considerably more effective in 
promoting this incorporation, presumably because 
the iron has direct access to the hepatic cells con- 
cerned with synthesis of this protein. Ferritin 
isolated from the mucosa of the gastrointestinal 
tract and from the liver of resting animals ap- 
pears to be in the dynamic state. Attempts at in 
vitro incorporation of labelled glycine into liver 
ferritin have been successful, and an opportunity 
is afforded for the study of factors influencing 
biosynthesis of ferritin. 

While these investigations were in progress 
(3), Fineberg and Greenberg (4) reported results 
of in vivo experiments which are similar to ours 


1 This study was made possible by a generous grant 
from the Louis D. Beaumont Foundation. 


and Loftfield (5) likewise found under somewhat 
different experimental conditions that in vitro iso- 
tope incorporation into liver ferritin is readily 
achieved. 


METHODS AND PROTOCOLS 


Ferritin was isolated from guinea pig liver and intes- 
tine by the procedure of Laufberger (6) and Granick (7) 
and crystallized as its cadmium complex. Despite the 
heat stability of ferritin, it is useful from the standpoint 
of yield and crystallization to conduct the procedure of 
isolation from acidification onwards at 0 to 8° C. The 
isolated ferritin was crystallized three times from 2 per 
cent ammonium sulfate unless otherwise stated. The 
final product dissolved in water was dialyzed against 
large volumes of water which was changed several 
times. An aliquot of the clear brown solution then 
was evaporated to dryness on a glass planchette. The 
sample was plated within range of 0.25 to 2.50 mgm. of 
ferritin per cm*. Estimation of C“ radioactivity was done 
in a standard end window counter. The minimum count 
was five times background, except in zero time experi- 
ments. Following the counting, the planchette contain- 
ing the dried sample was transferred to a large test tube 
and digested for Kjeldahl nitrogen determination. 

Ferritin crystallized three times was recovered from the 
in vivo experiments and run overnight in paper electro- 
phoresis using Whatman No. 3 MM paper (8). In 
phosphate buffer pH 7.4, u = 0.06 at 300V., 3.0 milliamps., 
paper width 14 cm., the experimentally isolated ferritin 
migrated as a discrete zone which coincided with a highly 
purified sample of guinea pig ferritin. There was no 
evidence of contaminating proteins on the bromthymol 
blue stained paper. Although several buffers and pH’s 
were employed both in the electrophoresis and in the elu- 
tion, quantitative elution of the unstained migrated fer- 
ritin was not obtained. 


Protocols of in vivo studies 


Twelve guinea pigs weighing 300 to 350 gm. were paired 
into experimental and control groups. At the initiation 
of the experiment the former received 10 mgm. of fer- 
rous iron through intraesophageal catheter while both 
groups were injected intraperitoneally with C* methylene 
labelled glycine specific activity (cpm per mgm.) 8.4 xX 
10°. In these and subsequent experiments the animals 
received 1 X 10° cpm of isotopic glycine per 100 gm. of 
weight. Three pairs were sacrificed at 4 and again at 16 
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hours after the start of the experiment. The livers were 
pooled appropriately for isolation of ferritin. An addi- 
tional three guinea pigs of similar weight were injected 
intraperitoneally at the start of the experiment with 1.2 
mgm. of ferric iron (9) as well as with the glycine. At 
the end of the four-hour period the livers were pooled for 
ferritin isolation. 

Four guinea pigs weighing 400 to 500 gm. were bled 
by intracardiac puncture four to five times over a two- 
week period. Their hemoglobin concentrations were re- 
duced to 50 per cent of initial values. Four other animals 
weighing 300 to 350 gm. served as unbled controls. At 
the start of the experiment two bled and two control ani- 
mals received orally 10 mgm. of ferrous iron. All eight 
guinea pigs were injected intraperitoneally with C™ car- 
boxy! labelled glycine S.A. 2.2 x 10°. All the animals 
were sacrificed after seven hours and liver ferritin iso- 
lated. 

The intestinal tracts of the 20 animals used in the first 
two experiments were pooled on the basis of whether or 
not they received iron orally. Those to whom iron was 
given intraperitoneally were excluded. At the ammonium 
sulfate fractionation step of ferritin isolation, 2.74 mgm. 
of highly purified guinea pig ferritin were added to each 
sample. The ferritin finally isolated was crystallized 
twice prior to counting. 


Protocols on in vitro studies 


Animals primed with 3.2 mgm. ferric iron adminis- 
tered intraperitoneally were sacrificed twenty minutes 
after the injection and their livers removed, weighed and 
minced. The livers were homogenized for 15 seconds 


TABLE I 
Stimulation of hepatic synthesis of apoferritin by iron* 


cpm/ mgm. Relative incorporation 
ferritin nitrogen | C'* into liver ferritin 


460 1.0 
2.4 
5300 u.5 


Timeyprs.| Iron 


a 
10mg p.o. 


12mg i.p. 


° 335 1.0 
1Omg po. 120 3.3 


*C™ methylene labelled glycine (S.A. 8.4 X 10*) was 
injected intraperitoneally into all animals at the start of 
the experiment. One million cpm (counts per minute) 
were given for each 100 grams animal weight. Iron was 
administered as indicated: controls received no iron; 
the experimental animals received either 10 mgm. fer- 
rous iron as ferrous sulfate by mouth (p.o.), or 1.2 mgm. 
ferric iron as ferric ammonium citrate intraperitoneally 
(i.p.). Three animals were used for each point, their 
livers being pooled. The experiments were terminated 
at 4 and 16 hours, respectively. In column IV, the ex- 
tent of incorporation of C™ isotope derived from glycine 
is seen to be doubled or tripled by administration of oral 
iron and increased eleven-fold by intraperitoneal iron. 
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TABLE II 


The effect on apoferritin formation of oral administration 
of iron to anemic animals * 


icpm/ mgm. 
ferritin nitrogen 


Relative incorporation 
c* into liver ferritin 


c 


lOmgpo; 2520 


* C™ carboxyl labelled glycine (S.A. 2.2 X 10°) was in- 
jected intraperitoneally at the start of the experiment. 
Each animal received 1 < 10° cpm per 100 grams of body 
weight. Those of groups B and D also received 10 mgm. 
ferrous iron as ferrous sulfate by mouth. Duration of 
the experiment was 7 hours. For two weeks before the 
experiment, the animals of groups A and B had been bled 
to about half normal hemoglobin concentration. In col- 
umn V the ratios demonstrate the effect of oral iron on 
They suggest a slight 
acceleration of ferritin synthesis in response to oral iron 
associated with relative iron deficient state of the animals, 
but again demonstrate in both series the effect of oral 
iron in increasing isotopic incorporation into hepatic fer- 
ritin in comparison with untreated animals. 


the synthesis of hepatic ferritin. 


in twice the volume of buffer containing nicotinamide 
0.025 M, MgCl, 0.007 M, sucrose 0.126 M, K.HPO, 0.04 
M pH 744, at 0° C. The homogenate was centrifuged at 
500 g for 10 minutes (10, 11). The cell free supernatant 
was added to the incubation medium which was agitated 
gently for one hour at 37° C. 
The incubation media differed in the addition or omission 
of creatine phosphate and phosphoglycerate. At the end 
of the experiment ferritin was isolated in the usual man- 
ner. Fourteen and a half milligrams of highly purified 
horse ferritin were added as carrier at the ammonium sul- 
fate state so that the final product could be recrystal- 
lized several times and the per cent recovery determined. 

In several experiments ferric iron was added directly 
to the homogenate or to liver slices and the incubation 
carried out aerobically as well as anaerobically. 


under anaerobic conditions. 


RESULTS 


The oral administration of 10 mgm. ferrous iron 
to normal guinea pigs stimulates the incorporation 
into liver ferritin of C' derived from either methy- 
lene or carboxyl] labelled glycine. The amount of 
isotope incorporation is two and one-half to three 
and one-half times that found in unfed controls. 
When 1.2 mgm. of ferric iron is injected intra- 


peritoneally the isotope concentration in liver fer- 
ritin is 10 to 12 times that in untreated controls 
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(Tabies I and Il). This represents the formation 
of about 30 per cent new protein based on the 
molar ratio of glycine to protein of 200/1 (12). 

Relatively acute bleeding of the animals does 
not greatly increase the ability of orally fed iron 
to stimulate ferritin synthesis. In column 5, Table 
II, the ratios indicate the possibility that more iron 
reaches the hepatic cells in the anemic animals 
than in the normal animals, and is thus responsi- 
ble for increasing the proportion of isotope incor- 
poration between iron fed and untreated groups. 

The extent of incorporation of labelled amino 
acid into intestinal ferritin appeared quite similar 
whether or not iron had been administered orally. 
In the unfed group there were 272 cpm per mgm. 
nitrogen intestinal ferritin as compared to 330 cpm 
per mgm. intestinal ferritin. When this was cor- 
rected for recovery of the added carrier, the ratio 
approached 1.0. The specific activity of the in- 
testinal ferritin was considerably higher than in- 
dicated because of the dilution by carrier. 

Protein precipitates derived from the early 
stages of the isolation procedure for ferritin did 
not show any consistent difference in specific ac- 
tivity which could be related to the effect of iron 
feeding on their synthetic rates. 

In a series of experiments performed in the man- 
ner described for the study of the effects of intra- 
peritoneal administration of iron, the cupric and 
manganous forms of these metals were adminis- 
tered simultaneously with iron. No influence on 
isotope incorporation into liver ferritin was dem- 
onstrated beyond a moderate depression of incor- 
poration with 2 mgm. of intraperitoneally injected 
copper. 

Experiments done with the usual tissue slice 
techniques and by brief homogenization of the 
liver were not successful unless the animals were 
injected with iron prior to the removal of the 
liver. Addition of ferric iron in Belloni’s solu- 
tion (8) to well buffered tissue systems did not 
induce sufficient incorporation of labelled glycine 
to conduct comparative experiments. However, 
by intraperitoneal injection of ferric iron 20 min- 
utes before sacrificing the animal, significant 
amounts of isotope from carboxyl labelled glycine 
were incorporated into liver ferritin during incuba- 
tion of the homogenized liver (Table III). 

These experiments likewise demonstrated that 
the addition of creatine phosphate and phospho- 
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TABLE III 


In vitro incorporation of labelled glycine into hepatic 
apoferritin * 


C.P | cpm/ mgm. ferritin 
Exp.| pg nitrogen 
+ + 150. 
+ - 64. 
- - 14.5 


* Each incubation vessel contained a cell free liver ex- 
tract equivalent to 16.0 grams of liver suspended in buf- 
fered sucrose. Two hundred thousand cpm of C™ car- 
boxyl labelled glycine (S.A. 2.07 X 10°) were added per 
ce. of incubation medium. Animals whose livers were 
used for experiments 1 and 2 received intraperitoneally 
3.2 mgm. ferric iron as ferric ammonium citrate 20 min- 
utes before being sacrificed. In experiment 1, creatine 
(C.P.) and phosphoglycerate (P.G.) were 
added to final concentration of 20 and 104M per cc., re- 
Incubation for one hour under N.,. 
Experiment 3 is a control. At the termination of the 
experiments the native ferritin was isolated with the ad- 
dition of 14.5 mgm. carrier ferritin. The results in col- 
umn IV are not corrected for dilution, which would be a 
factor of about 10. A significant incorporation of amino 
acid is noted in experiments 1 and 2. The effect of added 
high energy phosphate compounds in doubling the extent 
of incorporation of isotopic glycine into liver ferritin 
under anaerobic conditions is likewise evident. 


phosphate 


spectively. was 


glycerate to the incubation medium augments the 
isotopic incorporation into liver ferritin two or 
three times that obtained in their absence. 


DISCUSSION 


The accumulated evidence of experimental work 
(1, 2, 4, 5) supports the original concept of 
Granick (7) and Michaelis (13) that the appear- 
ance of iron in the environment of the cellular sys- 
tem capable of synthesizing apoferritin induces a 
de novo formation of this protein. Aside from 
the qualitative studies of Braunsteiner, Gisinger, 
and Pakesch (14) prior work has been confined to 
the study of ferritin synthesis in the gastrointes- 
tinal mucosa. However the experiments presented 
here have extended the applicability of this con- 
cept to include the de novo synthesis of liver fer- 
ritin in vivo and perhaps in vitro. The limited 
effectiveness of relatively large doses of oral iron 
in stimulating hepatic ferritin synthesis doubtless 
depends on the small amount of iron normally 
transported across the intestinal mucosa and into 
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the circulation. Nevertheless, it is apparent that 
sufficient iron reaches the liver to double or triple 
the resting incorporation rate (15). The eleven- 
fold increase in incorporation of isotope into liver 
ferritin when iron is administered intraperitoneally 
demonstrates the effect of iron in initiating the 
formation of apoferritin when it is able to reach 
the hepatic cells in sufficient amounts. It would 
he of interest to estimate the capacity of the hepatic 
system for unrestricted synthesis of ferritin since 
in addition to serving as iron storage protein, it 
might be a potential detoxifying mechanism for 
excess iron which is known to be harmful. The 
extent and the rapidity of the response of the syn- 
thesizing system to the specific stimulus of iron 
is such that in four hours an amount equivalent 
to one-third of the apoferritin in the unstimulated 
liver is made. The data suggest that despite the 
fact that ferritin is a storage protein it appears to 
share the dynamic state common to other metabo- 
lites if one may assume that incorporation of amino 
acid into apoferritin of liver and intestine in un- 
treated animals reflects a continual turnover of 
ferritin. 


The apparent absence of an iron effect on syn- 


thesis of intestinal ferritin probably is the result 
of the technical problem of the minute amounts of 
this protein that can be isolated. The proportion 
of native to carrier apoferritin must be very high 
and yet for purification necessarily so. The obser- 
vations of Gabrio and Salomon (2) are more per- 
tinent with respect to intestinal synthesis of apofer- 
ritin. 

The minor effect of relatively acute bleeding in 
promoting significantly increased isotopic incor- 
poration into liver ferritin must be viewed in light 
of the results of Hahn, Bale, Ross, Balfour, and 
Whipple (15), whose data show a nine-fold in- 
crease in iron absorption under similar conditions. 
The absorbed iron preferentially is utilized for 
heme synthesis and implies a mechanism whereby 
iron is successfully trapped within the bone mar- 
row rather than in the hepatic cells concerned with 
ferritin formation. 

From the experimental data of Table III it is 
possible to estimate the amount of incorporation 
of amino acid or apoferritin formed in vitro as 
well as the per cent of total apoferritin this repre- 


sents. Many experiments have shown that about 
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1.5 mgm. of apoferritin can be isolated from 15.0 
grams of guinea pig liver previously stimulated by 
iron. The addition of 14.5 mgm. of carrier apo- 
ferritin thus represents a dilution of five to ten 
times the native protein. The specific activity of 
the isolated samples is 150 cpm per mgm. N, 
which when corrected for dilution amounts to 750 
to 1500 cpm per mgm. N. On this basis, the extent 
of incorporation of labelled glycine or alternatively 
the de novo synthesis of apoferritin is 1.8 to 3.6 
per cent of the native protein. The per cent re- 
covery after recrystallizations as determined by 
recovery of the carrier is 50 per cent. The total 
incorporation of C'* derived from glycine, and as- 
sumed to enter the protein as glycine, is 350 cpm 
equivalent to the possible formation of 1 x 10“ 
uM of new apoferritin. Since 1 X 10* pM of 
apoferritin represents 1.8 to 3.6 per cent of all 
apoferritin, the total iron storage protein in 16 
grams of liver stimulated by iron would be 1.5 to 
3.0 mgm. This is sufficient to combine with 0.3 
to 1.0 mgm. of iron, or at best, one-third that in- 
jected 20 minutes before sacrificing the animal. 

An effect of high energy phosphate donors in 
these experiments is to increase the extent of in- 
corporation two to three-fold when compared to 
the unfortified homogenate, which contains these 
compounds although in lesser amounts. Our fail- 
ure to obtain adequate synthesis when iron was 
added directly to the homogenate should be men- 
tioned, since it would be useful to incorporate both 
iron and an amino acid simultaneously into ferritin 
in vitro. 


SUMMARY 


1. The administration of oral iron to normal 
guinea pigs increases the incorporation of C™ de- 
rived from methylene or carboxyl labelled glycine 
in liver ferritin when compared with unfed con- 
trols. 

2. Intraperitoneally injected iron increased the 
rate of incorporation 10 times over control values. 

3. An in vitro system for apoferritin synthesis 
is described. 

4. The percentage of new apoferritin arising 
in vivo from iron stimulation of the liver is 30 per 
cent, whereas the in vitro incorporation of glycine 
amounts to 3 per cent of the native apoferritin. 
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Neomycin sulfate . 300 mg. (474 grs.) 
[equivalent to 210 mg. (34 grs.) neo- 
mycin base | 
Kaolin . . . . . 5.832 Gm, (90 grs.) 
0.130 Gm. ( 2 grs.) 
Suspended with methylcellulose 1.25% 


Supplied: 
6-fluidounce and pint bottles 


The Upjohn Company, Kalamazoo, Michigan 


Bacterial 
diarrheas... 


Kaope etate 
with 


Trademark, Reg. U.S. Pat. Off. 


N eomycin 


? : 


WATERS 
OXIMETERS 


* Dual Single Scale 


* Simultaneous Single 


and Double Scale 


* Ear Oximeters 


See them at 


BOOTH 7 


Atlantic City, May |, 2, 3, 
1955 


THE WATERS CORPORATION 


Electro-Medical Instrument Division 


402 First Ave. N.W., Rochester, Minn. 


Also manufacturers of Nitrogen Meters, 
Kymographic Cameras, Cardiotachometers, 
Aseptic Surgical Cameras, Resistance 
Thermometers, Custom Instrumentation. 


Reprints 
of the eight papers 


on the 


NEPHROTIC 
SYNDROME 


published in the April, 1954 
issue of 


THE JOURNAL OF 
CLINICAL INVESTIGATION 


are available for $1.00 


Preprints of the 


PROGRAM of the FORTY-SEVENTH 
Annual Meeting 


of the 
American Society for 


Clinical Investigation 


$1.00 


Order both through the 
Business Office of 


The Journal of Clinical Investigation 
622 West 168th Street 
New York 32, N. Y. 
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THE ADENYLIC 
NUCLEOTIDES 


Gradually the role of the Adenylic Nucleo- 
tides is being clarified. Their versatility 
and importance both physiologically and in 
clinical medicine is leading to applications 
in an expanding number of clinical indica- 


tions. * 


We have available the following adenylic 
nucleotides in one cc ampuls: 


IRONYL® 
IRON ADENOSINE-3-MONOPHOSPHATE 
Each one cc ampul contains 32.4 mg. of Fer- 
rous Adenylate equivalent to 28 mg. of adeno- 
sine-3-monophosphate and 4.4 mg. of ferrous 
iron. 


Available in boxes of 10, 25 and 100 ampuls 


MUSANYL® 

Each Sublingual Tablet contains 32.4 mg. of 

IRON ADENOSINE-5-MONOPHOSPHATE Ferrous Adenylate equivalent to 28 mg. of 
Each one cc ampul contains 32.4 mg. of Ferrous A 

Adenylate equivalent to 28 mg. of adenosine-5- adenosine-3-monophesphate and 4.4 mg. of 

monophosphate and 4.4 mg. of ferrous iron. iron. 


Ampuls in boxes of 10s, 25s and 100s Available in bottles of 12, 25 and 250 tablets 


AVAILABLE ONLY TO THE CLINICAL INVESTIGATOR: 


PROCANYL® PROCAINE ADENOSINE-3-MONOPHOSPHATE. Each one cc ampul contains 
50 mg. of Procaine Adenylate equivalent to 30 mg. of adenosine-3-monophosphate and 
20 mg. (2%) of procaine. 

NICOTINAMIDE NICOTINAMIDE ADENOSINE-3-MONOPHOSPHATE. Each one cc ampul con- 

ADENYLATE tains 52 mg. of Nicotinamide Adenylate’ equivalent to 22 mg. of nicotinamide and 30 
mg. of adenosine-3-monophosphate. 

NIKETHAMIDE NIKETHAMIDE ADENOSINE-3-MONOPHOSPHATE. Each one cc ampul con- 

ADENYLATE tains 80 mg. of Nikethamide Adenylate equivalent to 50 mg. of Nikethamide and 30 
mg. of adenosine-3-monophosphate. 

NATRI-A. T P. SODIUM ADENOSINE-5-TRIPHOSPHATE. Each one cc ampul contains 10.67 mg. 
of Sodium Adenosine-5-Triphosphate equivalent to 9 mg. of Adenosine-5-Triphosphate 
and 1.67 mg. of sodium. 


*An annotated Bibliography, “ABSTRACTS ON THE ADENYLIC NUCLEOTIDES with particular 
reference to Yeast Adenylic Acid (Adenosine-3-Monophosphate),”’ is available on request. 


PHYSIOLOGICAL CHEMICALS CO., INC. 
3 LE FEVRE LANE 
NEW ROCHELLE, NEW YORK 
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...a comfortable voyage now assured with 


BRAND OF MECLIZINE HYDROCHLORIDE 


... the first motion-sickness preventive 
effective in a single daily dose 


... prevents or relieves motion sickness 
due to all forms of travel 


... available on prescription only for 
full physician supervision 


Bonamine is also useful in controlling the nausea, 


vomiting and vertigo associated with morning 
sickness of pregnancy, vestibular and labyrinthine 
disturbances, cerebral arteriosclerosis, radiation 
therapy and Meniere’s syndrome. 


PFIZER LABORATORIES 
Division, Chas. Pfizer & Co., Inc. 
Brooklyn 6, N. Y. 


Supplied in scored, tasteless 25 mg. tablets, 
boxes of 8 and bottles of 100 and 500. 
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MEDICHROME SLIDE 
CLAY-ADAMS CO. inc. New York 


70 SEPARATE SUBJECT SERIES 
More than 10,000 Medichromes’® to choose from 


Regardless of your specialty or interest, chances are there is 

a MEDICHROME slide series to meet your needs. Ideal for study, teaching or 
demonstration. Compiled by leading authorities from their unique material. 

Subjects include: Bacteriology, Virology, Hematology, Nursing (11 Series), Pathology, 
Anatomy, Tuberculosis, Public Health, and many others. 

Write for complete listing, stating your field of interest. 
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SANBORN 
RESEARCH 
RECORDING 
SYSTEMS 


~ A NEW chart of 
helpful guidance in 
clinical and research 


his 17” x 22” chart shows the 
range of clinical and research 
recording possibilities of a Sanborn 
Viso, Twin-Viso, Poly-Viso, Twin- 
Beam, and Single-Channel Re- 
corder. Charted against a listing 
of the instruments are the various 
biophysical phenomena illustrative 
of the fields in which the instru- 
ments may (or may not)} be used, 
together with references to the 
required amplifiers and transducers, 
which are also listed. 
In addition, the “Applicability 
Chart” folder describes the fea- 


tures that augment the wide usage 
of Sanborn Recording Systems, 
which are: (1) ready interchange- 
ability of amplifiers and preampli- 
fiers (2) provision for input and 
output connections, (3) choice of 
paper travel speeds, and (4) pro- 
vision for timing and coding. 


Copies of this NEW ‘‘Applicability Chart’’ will be sent on 
request with no obligation. Address Inquiry Director, 


Sanborn Company 


CAMBRIDGE 39, MASSACHUSETTS 


LANCASTER PRESS, INC., LANCASTER, PA, 
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